
Thermodynamic Analysis of a High Pressure 
Boiler, Control Instrumentation Aspects, 

Blowdown Benefits & Cost Economic Analysis 
of a Steam Turbine based Cogeneration Plant 

Abstract: The mammoth development in the industries and sector of automobile engineering has elevated the 
socio-economic eminence of a country. This development is majorly attributed to the energy and its profile. In 
view of this continuous and reliable energy have become the key issue and this calls for a powerful qualitative 
approach with regard to energy and its effective exploitation. The conservative mode of generation of power 
and source to the customer is not operative in that only about one third of the principal energy nourished to 
the power plant is essentially made accessible to the user in the form of electricity. This necessitates additional 
techniques or methods to satisfy the energy requirement.  Cogeneration plant is one of very operative and 
prevalent energy generating methods attaining prominence in the topical years. Cogeneration offers a 
extensive assortment of know-hows for presentation in innumerable dominions of fiscal activities. The 
inclusive efficacy of energy procedure in cogeneration approach can be approximately 85 per cent and above 
in particular circumstances. In this paper, the thermodynamic aspects of a high pressure boiler and 
principles of energy auditing have been discussed.  
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1. INTRODUCTION

 A boiler has emerged as an important tool of industry with a high degree of versatility. 
As a source of hot water or steam it has found application in a variety of industries like 
aluminum, automobiles, concrete block and bricks, ceramic glass, inorganic and organic 
chemicals, copper primary and secondary, lumber, pulp and paper, selected plastics, rubber, 
textiles and sugar. A modern industrial boiler in the shape of a shell type multitubular boiler is an 
example of optimized design and efficiency, no single design can satisfy the need of wide range 
of requirements. Boiler has been increasingly employed for power generation especially for 
captive power plants, where the demands are more severe. In its essentials a boiler consists of a 
furnace in which any fuel – oil, coal, wood, husk, or gas are burnt to produce combustion 
products and thereby generate heat, and an arrangement to heat water or produce steam [1 - 12].  

High Pressure Boilers is usually employed for the generation of power is for steam 
capacities 30 to 650 tonnes per hour and above with a pressure up to 160 bar and determined 

K B Vinay1, S A Mohan Krishna2, G V Naveen Prakash3, K S Ravi4, Khalid Imran5 

Department of Mechanical Engineering 1,2,3,4,5 VVCE, Mysuru 
Email: mohankrishnasa@vvce.ac.in2

Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

Volume 22, Issue 9, September - 2020 Page - 19

mailto:mohankrishnasa@vvce.ac.in


steam temperature of about 640˚C. The High Pressure Boiler generally in a power plant develops 
steam pressure at 65 bar and steam temperature at 500˚C. Water tube boilers are generally 
favored for high pressure and high production, however, shell boilers for low pressure and low 
output [13 - 18]. 
 

2. BOILER MAINTENANCE & PROTECTION  

Proper selection of tube material for coal fired boilers is very essential for its safety and 
performance. High pressures and temperatures, corrosion, erosion and stress, all must be 
accommodated in the boiler tubes. In addition to this, operating procedures and maintenance also 
have impact on tube performance. It is also necessary to keep the tubes clean internally and 
externally free from deposits that could impair heat transfer and lead to corrosion, ultimately 
causing tube failures. Some of the prominent engineering alloys used in boiler at Falcon plant are 
Carbon Steels, Ferrite alloys, Carbon-molybdenum steel and Chromium.  
               Some of the maintenance techniques adopted by the company are: 

1. Preventive Maintenance 
2. Breakdown Maintenance                                      

     3. Annual Maintenance 
              Corrosion damage is always experienced inside tubes of the boiler, economizer and 
superheater when water chemistry is not maintained within limit as recommended by the boiler 
manufacturers. To avoid the corrosion, one should understand the importance of maintaining the 
iron oxide coating on the internal surfaces of the boiler tubes. Proper maintenance of boilers is 
done to safeguard from harmful deposits. In any power generating station, boiler maintenance is 
done once in every two months. Since the plant is new, the energy loss in minimum. In future, 
compulsorily maintenance must be done to enhance energy efficiency. It is envisaged that the 
service life of the boiler is approximately 12 to 15 years. 
 

Entirely power production plants, perpetually, contaminate the atmosphere and the 
consequential disproportion on ecosystem has a unscrupulous upshot. The pollution is inevitable 
in some cases and has to be minimized to the extent possible. This is being achieved by effective 
legislations all over the world. Usually, in a Boiler or Steam Power Plant emissions can be 
classified as: 

1. Gaseous emission, includes pollutants namely SO2, H2 S, NOX and CO 
2. Particulate emission 
3. Solid waste 
4. Thermal pollution 

                    It is clearly observed that, there is negligible environmental pollution from the 
Cogeneration plant, because of safe incorporation of Electrostatic Precipitators (ESP). Also, the 
dissipation of flue gases through chimney is systematic. The flue gases dissipated to the 
surroundings from the chimney at the plant is about 80 ˚C. Stack and heat losses are minimum, 
there by avoiding environmental problems [19 – 25].  
 

3. CONTROL & INSTRUMENTATION 

 Control and Instrumentation is compulsory for a boiler plant. The necessity and role of 
control and instrumentation in a boiler plant and the various techniques adopted are to be 
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surveyed. In boiler instrumentation, it is necessary to know the various instruments used, its 
operational features and applications. It is apparent that the products of combustion or the flue 
gases are expected to contain the constituents like carbon dioxide, carbon monoxide, nitrogen, 
water, oxygen and may be even excess fuel. Sulphur and nitrogen oxides may be expected to be 
present in traces. The estimation of carbon dioxide, carbon monoxide, unburnt oxygen provide a 
clue to completeness or otherwise of combustion and forms the basis of control instrumentation 
to achieve optimization. Generally microprocessor based measurement and control systems a 
facility to monitor in situ the combination parts continuously with a view to improve efficiency 
by automated adjustment of air fuel ratio [25 – 31]. 

           Microprocessor Based Combustion Control Techniques have emerged in the form of 
incessant connected sensors that quantity and show the gas temperature, oxygen, combustion 
efficiency. This leads to a better understanding of the equipment performance, and helps achieve, 
quantitative energy conservation controls. Most of these are based on in situ measurement 
techniques such as probes for oxygen and wide path visible light and infrared transmission 
meters for the measurement of particulate matter and CO. In any company preferably, 
Microprocessor Based Combustion Control Technique is adopted. 
Some of the important control methods are: 
 Chemical Absorption Methods 
 Physical Absorption Methods 
 Microprocessor Based Combustion Control Techniques     
 Hybrid Microprocessor Based Measurement and Control Systems 
Control and Instrumentation is generally done in an organized manner minimizing technical 

hindrances. Instruments provide precise information for supervision to safe, unceasing and 
proper plant operation. The functions which the various instruments are required to perform in 
any boiler plant are itemized underneath: 

1. Functioning direction – Instruments provide guidance to activate the power plant 
competently and economically 

2. Performance calculations – render help in making performance calculations in respect of 
plant working 

3. Maintenance and repair guidance – As the instruments enable us to plaid the internal 
circumstances of the equipment, thus they afford preservation and overhaul regulation 

4. Cost-effective administration – enable us to supervise the plant economically 
5. Cost allocation – Instruments extend a helping hand in dealing with the problems 

concerning accounting and cost allocations [20 - 31]. 
                     

4. ENERGY AUDIT & NECESSITY  

 Energy Audit is the crucial to a methodical method for supervisory in the expanse of 
Energy Management. It challenges to poise the total energy involvements or responses with its 
usage, and serves to recognize entire energy brooks in a capability. It quantifies energy usage 
according to its distinct purposes. Energy audit pertaining to industries is an operative tool in 
significant and tracking all-inclusive energy management programmes. As per the Energy 
Conservation Act, 2001, Energy Audit is defined as “the corroboration, observing and 
examination of use of energy including suggestion of technical report containing 
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recommendations for cultivating energy efficiency with cost benefit investigation and an action 
to reduce energy ingesting.”      

             The concept of energy audit as a prelude to the identification of energy conservation 
schemes in any industrial complex, and the selection of the final one for implementation based 
on criteria dictated by the cost appraisal techniques. The identity of energy audit as a tool for 
energy management has been recognized. The ultimate objective of conducting an energy audit 
of an industrial complex is to examine and conclude whether the total energy in any form being 
spent in the plant is being used efficiently or not. Contingent on the behavior and convolution of 
the location, a wide-ranging review can take from numerous weeks to some months to thorough. 
Comprehensive revisions to create, and examine, energy and quantifiable poises for explicit plant 
subdivisions or items of progression equipment are accomplished.  The inspection report will 
comprise a explanation of energy contributions and product productivity by chief department or 
by foremost dispensation purpose, and will appraise the productivity of each step of the 
manufacturing process. The audit report should clinch with specific commendations for 
engineering studies and probability analysis. 

5. DETERMINATION OF CALORIFIC VALUE OF COAL  

           Thermal power plants or Steam Power Plants are a foremost basis of electricity stream in 
India. The foremost font of forfeiture in the adaptation procedure is the heat precluded to the 
adjacent water or air owing to the characteristic constrictions of the dissimilar thermodynamic 
sequences engaged in the cohort of power. Generally power plants will gain standing because of 
Cogeneration plant. The collective thermal energy and power generated in the plant is satisfying 
the requirements to greater extent. Before the installation of Cogeneration plant, the production 
rate of tyres was moderate. Because of Cogeneration unit, the production of tyres in the company 
is increased by 20% [19 – 26]. In the company, the supply of coal is from Singreni, Andhra 
Pradesh. The determination of calorific value of coal is compulsory for the performance 
evaluation of a boiler. In the laboratory, calorific value of the coal is estimated by taking the 
samples of coal randomly. The calorific value of solid and liquid fuels is determined in the 
laboratory by ‘Bomb Calorimeter’. The calorimeter is made of austenitic steel which provides 
considerable resistance to corrosion and enables it to withstand high pressure. Calorimeter 
consists of a stainless steel cylinder called ‘Bomb’. The bomb comprises of two valves, where 
one valve supplies oxygen to the bomb and the other releases the exhaust gases. A crucible is 
placed in the bomb. The calorimeter is fitted with water jacket which surrounds the bomb. To 
reduce the losses due to radiation, calorimeter is further provided with a jacket of water and air. 
A stirrer is used to maintain the temperature of water uniform and a thermometer to measure the 
temperature up to accuracy of 0.001 deg C are fitted through the lid of the calorimeter.   

Procedure: To start with, about 1 gram of fuel sample is accurately weighted into the crucible 
and a fuse wire is stretched between the electrodes. It should be ensured that the wire should be 
in close contact with the fuel. To absorb the products obtained after combustion namely sulphur 
and nitrogen 2 ml of water is poured in the bomb. Bomb is then supplied with pure oxygen 
through the valve to an amount of 25 atmospheres. The bomb is then placed in the weighted 
quantity of water I the calorimeter. The stirring is started after making necessary electrical 
connections, and when the thermometer indicates a steady temperature fuel, fuel is fired and 
temperature readings are recorded after ½ minute interval until temperature is attained. The 
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bomb is then removed and the contents of the bomb are carefully weighed for further analysis. 
The heat released by the fuel on combustion is absorbed by the water and the calorimeter.  
To determine the calorific value of coal, the following data were collected from the laboratory: 
 
1. Weight of the coal sample, WC = 0.001 kg 
2. Weight of water in calorimeter, W = 1.33 kg 
3. Water equivalent of calorimeter, We = 0.65 kg      
4. Specific heat of water, c = 4.186 kJ/kg K 
5. Initial temperature of water, T1 = 32˚C 
6. Final temperature of water, T2 = 34.5˚C 
 
To calculate the calorific value of coal, the following relation is applicable:   
 
Heat released by the fuel sample = Heat released by water and calorimeter 
                                  

 WC × C = (W + We) × c × (T2 – T1) 
                                          (W + We) × c × (T2 – T1) 
        Hence calorific value, C = ----------------------------------- 
                                                                        WC   
                                  (1.33 + 0.65) × 4.186 × 2.5 
            Calorific value, C =    ----------------------------------- = 20,720.7 kJ/kg                  
                                                  0.001     
 

Hence the calorific value of value is 20,720.7 kJ/kg or 4,957.1 kcal/kg 
 

   In the research work, it is decided to carry out theoretical study on Boiler blowdown and water 
treatment. It is necessary to gather the information about the importance of blowdown, 
continuous and intermittent blowdown systems, benefits of blowdown, boiler water treatment, 
boiler maintenance, energy conservation opportunities and environmental protection. When 
water is boiled and steam is generated, any dissolved solids contained in the water remain in the 
boiler. If more solids are put in with the feed water, they will concentrate and may eventually 
reach a level where their solubility in the water is exceeded and they deposit from the solution. 
Above a certain level of concentration, these solids encourage foaming and cause carryover of 
water into the steam. The deposits also lead to scale formation inside the boiler, resulting in 
localized overheating and finally causing boiler tube failure.  
                      

 It is, therefore, necessary to control the level of concentration of the solids and this is 
achieved by the process of ‘blowing down’, where a certain volume of water is blown off and is 
automatically replaced by feed water – thus maintaining the optimum level of total dissolved 
solids (TDS) in the boiler water. The maximum amount of total dissolved solids (TDS) 
concentration permissible in various types of boilers is given in table [1].  
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Table 1: Recommended TDS Levels for various boilers 

 
Recommended TDS 
Levels for various 
boilers 

  

 Boiler Type   Maximum TDS(ppm)* 
1. Lancashire 10,000 ppm 
2. Smoke and water tube boilers (12 

kg/cm²) 
 5,000 ppm 

3. Low Pressure Water tube boiler  2000-3000 
4. High pressure Water tube boiler 

with superheat etc. 
3,000-3,500 ppm 

5.  Package and economic boilers 3,000 ppm 
6. Coal boilers  2000 (in the feed water) 
 

               Since it is tedious and time consuming to measure total dissolved solids (TDS) in boiler 
water system, conductivity measurement is used for monitoring the overall TDS present in the 
boiler. A rise in conductivity indicates a rise in the “contamination” of the boiler water. 
Conventional methods for blowing down the boiler depend on two kinds of blow down – 
intermittent and continuous. To properly control the level of concentration of Total Dissolved 
Solids (TDS), company encourages both methods of blowdown namely Continuous and 
Intermittent. 
 
INTERMITTENT BLOWDOWN 
 
            The intermittent blow down is given by manually operating a valve fitted to discharge 
pipe at the lowest point of boiler shell to reduce parameters (TDS or conductivity, PH, silica and 
Phosphates concentration) within prescribed limits so that steam quality is not likely to be 
affected. In intermittent blow down, a large diameter line is opened for a short period of time, the 
time being based on a thumb rule such as “once in a shift for 2 minutes”.  Intermittent blow 
down requires large short-time increases in the amount of feed water put into the boiler, and 
hence may necessitate larger feed water pumps than if continuous blow down is used. Also, TDS 
level will be varying, thereby causing fluctuations of the water level in the boiler due to changes 
in steam bubble size and distribution which accompany changes in concentration of solids. Also 
substantial amount of heat energy is lost with intermittent blow down.  
 
CONTINUOUS BLOWDOWN     
 

There is a steady and constant dispatch of small stream of concentrated boiler water, and 
replacement by steady and constant inflow of feed water. This ensures constant TDS and steam 
purity at given steam load. Once blow down valve is set for a given conditions, there is no need 
for regular operator intervention. Even though large quantities of heat are wasted, opportunity 
exists for recovering this heat by blowing into a flash tank and generating flash steam. This flash 
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steam can be used for pre-heating boiler feed water or for any other purpose. This type of blow 
down is common in high-pressure boilers [8 - 18]. 
 
BLOWDOWN CALCULATIONS   
 
The quantity of blow down required to control boiler water solids concentration is calculated by 
using the following formula: 
                       The following data were recorded for the calculation of percentage of blowdown 
from the plant: 

o Feed water TDS – 300 ppm 
o Percentage Make up water or treated raw water – 1% 
o Maximum Permissible TDS – 3000 ppm 

 
(%) Blow down       =         Feed water TDS × % Make up water  
                                    ---------------------------------------------     
                                          Maximum Permissible TDS in boiler Water 
                                     
                                300 ppm x 10% 
                           =   ----------------------- = 1% 
                                        3000 ppm  
 
From the above calculation, by providing 1% or 2% blow down, controlling the level of 
concentration of TDS is possible. 
 
 The following table gives typical cogeneration performance parameters for different 
cogeneration packages giving heat rate, overall efficiencies [19] 

 

Table 2: Cogeneration Handbook California Energy Commission, 1982 

Prime Mover 

in 

Cogeneration 

packages 

Nominal 

Range 

(Electrical) 

Heat rate 

(kcal/kWh) 

Electrical 

Conversion 

Thermal 

Recovery 

Overall 

Cogeneration 

Smaller 

Reciprocating 

Engines  

10-300 

kW 

2650– 

6300  

20 – 32 50 74 – 82 

Large 

Reciprocating 

Engines 

500 – 3000 

kW 

2400 - 

3275 

26 – 36 50 76 – 86 

Diesel 10 – 3000 2770 – 23 – 38  50 73 – 88 
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Engines kW 3775 

Gas Turbines 10–20 

MW 

2770 - 

3275 

26 – 31 50  78 – 81 

Steam 

Turbines 

10-100 

MW 

2520 - 

5040 

17 – 34 ------  ----------- 

 
          Cogeneration is an added advantage for the mentioned company as it is capable of 
generating 6 MW power depending on Steam Turbine based Cogeneration. On the whole, the 
company is doing its best to generate maximum steam generation for processing units. The 
company is very comfortable in operating Boiler using combined heat and power beneficial for 
processing unit [22 – 31].     
 

(6) COST ECONOMICS ANALYSIS OF STEAM TURBINE 

BASED COGENERATION PLANT 

               The following data must be considered to correctly achieve the cost economics of 
Steam Turbine based Cogeneration Plant 
(1) Capacity of Steam Turbine generator = 6 MW = 6000 kW 
(2). Average load = 0.9 × 6000 = 5400 kW 
(3) Plant operating hours per annum = 8000 hours 
(4) Plant Load Factor = 90% 
(5) Heat rate as per standard given by Steam Turbine supplier = 3200 kcal/kWh  
(6) Fuel used – Highly Volatile Bituminous Coal  
(7) Calorific Value of Coal = 5000 kcal/kg 
(8) 1 ton or 1000 kg of Coal = 3600 Rupees (including Transportation) as per July 2010 statistics 
(9) Capital Investment for total cogeneration plant = 35 crores (For 1 MW = 5.5 Crores as per 
government standard) 
(10) Quantity of coal consumed per hour = 6000 kg 
 
1. Energy consumed per annum = 
         Plant Load Factor x Plant Capacity × No. of operation hours       
             = 0.9 × 6000 × 8000 = 432 × 105 kWh per annum 
 
2. Heat input to generate above calculated units = Units (kWh) × heat rate    
   =432 × 105 × 3200 = 1382400 × 105 kcal 
                                                                          Heat Input  
3. Coal quantity required per annum = --------------------------------              
                                                                    Calorific value of Coal  
                                                       1382400 × 105 kCal   
       Coal quantity per annum = --------------------------- = 27.648 × 106 kg                                          

                                                   5000 kCal/kg   
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 4. Cost of fuel per annum = Annual Coal consumption × Price      
                                                                          Rs 3600  
   Cost of fuel per annum = 27.648 × 106 kg × ------------                                        
                                                                          1000 kg 
                                           = Rs. 99,532,800 nearly 10 crores.   
5. Cost of capital and operation charges/annum = Rs. 11,050,000  
 
6. Overall cost of power from cogeneration plant = Rs. 110,582,800  or 11 crores  
 
7. Power consumption at 90% load factor = 0.9 × 6000 = 5400 kW 
 
8. Total Generation cost in units per year= 0.9 × 6000 × 8000 = 432 × 105 Units/year  
 
9. Cost of power per unit in the company = Rs. 3.70 
 
10. Annual Generation Cost = 432 × 105 × Rs. 3.70 = Rs. 159,840,000 
 
11. Power selling cost per unit = Rs. 5 
 
12. Annual power selling cost = 432 × 105 × 5 = Rs. 216,000,000  
 
13. Profit/year = 216,000,000 – 159,840,000 = Rs.56, 160,000  
               Capital Investment  350,000,000  
14. Payback Period = ----------------------- = ---------------- = 6 years 
                                            Profit/year              56,160,000  
 
 Conclusions: From the Cost benefit analysis, it is clear that the payback period is less than six 
years. For any company, Cost Benefit Analysis is an exceptionally important factor. Any energy 
conservation measure involves an investment. It could be for minor modification of equipment, 
or a capital investment for buying a new one. The anticipated benefits from this, however, are 
expected to accrue in the future. The value of money, measured in terms of what it can buy, 
changes with time due to a variety of reasons. It is the inflation rate almost inevitable in present 
day economy. There is the interest rate or the discount rate, which the client may have earned on 
the money that he has been asked to invest in the energy conservation measures. The client will 
compare the present worth of the future expected savings with his present expense involved 
before making a decision.   
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