
 

India Boiler dot Com 

Performance & Efficiency 
 

 59 

Efficiency of Steam Generating System 
 

Introduction: 
Steam generating system efficiency is defined as the heat added to the working fluid 

expressed as a percentage of the heat in the fuel being burnt. In order to achieve 
economic optimization in Boiler operation, one needs to ensure maximum extraction 
of heat from the fuel and then transfer maximum extracted heat to water and steam 
without causing any accident. 
Not all boilers are created equal – each boiler system has its own specific 
characteristics, be it a different design consideration, different fuels or different 

operating conditions. Approach towards economic optimization naturally differs from 
system to system.  
But the good thing is “Every Boiler operates under the same fundamental 
thermodynamic principles”. If we take two Steam generating systems, one with a 
capacity of 700 TPH steam at 510oC superheat and 110 bar pressure and another 

with a capacity of 8 TPH saturated steam at 12 bar pressure, the fundamental for 
heat utilization remains same. 
Steam generating system efficiency to the greater extent depends on the skill of 

designing but there is no fundamental reason for any difference in efficiency 
between a high pressure and low pressure boiler. Large boilers generally would be 
expected to be more efficient particularly due to design improvements.  

 
Steam generating system performance: 
The purpose of a steam boiler is to evaporate water by heat obtained by the 

combustion of fuel and the amount of water evaporated is therefore one of the 
quantities to be considered in dealing with the performance of a steam boiler. 
The amount of steam generated by the boiler in kilograms per hour at the observed 
pressure and temperature, quality of steam and feed water temperature is called 
Total Evaporation. The Evaporation Ratio or the Actual Evaporation (ma) is 
expressed in terms of kilograms of steam generated per kilogram of fuel used. 

 
i.e.   Evaporation Ratio = (total evaporation per hour) / (fuel used per hour) 
 

But the amount of water evaporated by a boiler is not a sufficiently definite measure 
of its performance because under different conditions as to temperature of feed 
water, and temperature and dryness of steam produced, a given evaporation will 

represent different amounts of heat utilized by the boiler. 
Therefore, to provide common basis for comparing the evaporative capacity of 
boilers working under different conditions, it is necessary that the water be 

supposed to be evaporated under some standard conditions. The standard conditions 
adopted are: feed water supplied to the boiler at 100o C and converted in to dry 
saturated steam at 100o C and the working pressure 1.01325 bar (atmospheric 
pressure at mean sea level). Under these conditions, the evaporation of 1 kg of 
water at 100o C requires 2257 kJ to be converted into dry saturated steam at 100o C, 
which is the enthalpy of evaporations of steam at 100o C. 

 
Equivalent Evaporation: 
Equivalent evaporation can be calculated as under.  

Suppose,  
ma is the kg of steam generated per kg or sm3 of fuel (Steam to Fuel ratio, or, 
evaporation ratio) 

H = Enthalpy of 1 kg of steam produced under actual working condition in kJ, 
h = Enthalpy of 1 kg of feed water entering the boiler in kJ,  

Ls = Enthalpy of evaporation of 1 kg of steam at 100oC (2257 kJ), and  
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me = equivalent evaporation in kg of water from and at 100oC per kg of fuel burnt. 
 

Then,  
me = ma (H-h) / Ls = ma (H-h) / 2257 
 

The job of a boiler is to transfer the heat of the fuel into water and steam. The more 
it can transfer, more efficient the boiler is. 
We know efficiency is output/ input. Input in case of boiler is the heat energy going 
inside with the fuel. Out put is the heat energy that could be transferred into water 
and steam. 
Boiler efficiency can be calculated in two methods: 

1. Direct Method 
2. Indirect Method 
 

Direct Method; output over input: Input heat energy can be calculated once we 
know the CV of the fuel and the rate of fuel consumed by the boiler. Fuel flow 
measurement is one of the most important factors in assessing the performance of a 
boiler. For solid fuel this part gets tricky, as accurate measurement becomes 
practically difficult. However, for liquid and gaseous fuel, we can measure quite 
accurately. 

CV of fuel also creates some confusion. Which one to consider – GCV or LCV? This 
can be covered if we indicate CV with efficiency, i.e. efficiency on GCV, or efficiency 
on LCV. It is obvious that efficiency on LCV would be always more than on GCV as 
the denominator (heat input) is less in the former. One can easily guess which 
efficiency would be referred by the manufacturer and which one should be 

considered by the user. 
In finding out efficiency in direct method, first we have to find out the evaporation 
ratio, i.e. how much steam is generated per kg or sm3 of fuel. For this, the most 

important thing is to accurately measure the steam flow. In absence of steam flow 
measurement, we can also consider the water flow. 
Then we need to find out how much heat is being transferred into 1 kg of water and 

steam. This is calculated from the specific enthalpy of the final steam coming out of 
the boiler and deducting the specific enthalpy of feed water going into the boiler 
(that is the amount of heat transferred inside the boiler).  

Therefore out put is found out by ma x (H – h) 
Since in the output, we are considering ma, which the kg of steam generated per kg 
of fuel, in the input, we have to consider the heat going inside with 1 kg or 1 sm3 of 
fuel, which is nothing but the CV of fuel. 
Therefore Boiler efficiency = ma x (H – h)/ CV 
One question comes to mind is that when we have an economizer, which enthalpy 

should we consider as feed water enthalpy - Economizer inlet or outlet? It should be 
noted that feed water enthalpy should be considered at economizer outlet, which is 
at higher temperature. Apparently in the above equation, if ‘h’ increases, efficiency 
decreases, but we know that economizer increases the efficiency. What we need to 
keep in mind that when we are using economizer, the fuel consumption decreases 
and therefore ma increases. 

Now if we are in operation, the above efficiency calculation method can give us a 
quick way to assess performance, but it does not offer us much parameters to 
control or improve the performance as an energy manager. For that, the indirect 

method can be more effective  
 
Indirect Method: We know that what amount of energy is going inside the boiler 
must come out. A part of it will come out with steam (as output) and others as 
various heat losses. Therefore instead of measuring the heat out put in steam, if we 
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measure the total heat losses and deduct it from the input, what we get is the 
output.  

If we take CV of fuel as 100% and then calculate various losses as percentage of CV 
as L1%, L2%, etc., then efficiency = 100 – (L1 + L2 + …). 
What is the advantage in this method? 

1. The biggest advantage is that in this method we are identifying and measuring 
the losses. If we can control these losses, performance and efficiency would 
naturally improve. 

2. Accuracy in assessment increases. For example a 1% error in measurement 
accuracy would result into 1% error in efficiency in the direct method. If the 
actual boiler efficiency is 80%, then 1% error on the higher side would make it 

80.8%. Whereas in indirect method, if there is 1% error in measurement 
accuracy of the losses, the efficiency becomes 100 – (20 – 20 x .01) = 80.2%, 
which is closer to actual.   

 
Various losses in a boiler: 
Heat is lost through various avenues in a boiler. Some are controllable and on some, 
we do not have much control. The actual job of an energy manager is to cut down 
the losses which can be controlled. To do that, first we need to know from where the 
heat is lost and how much. 

 
1. Heat lost with dry flue gas through chimney (L1): Heat is lost through 
chimney of a boiler in many ways. This is by far the largest heat loss (nearly 50 – 
60% of the total heat loss) and can be controlled to some extent. To appreciate the 
loss one should imagine that we are getting the air and fuel for combustion at 

ambient temperature and then heating up the product of combustion, i.e. flue gas to 
a high temperature and then letting it go through the chimney. The mass of flue gas 
per kg of fuel would depend on how much air we are using. And the heat lost with 

dry flue gas per kg of fuel burnt 
= mg x Cg x (Tg - Ta) 
mg = mass of dry flue gas per kg of fuel 

Cg = specific heat of flue gas; considered as 0.23 kcal/ kg 
oC 

Tg = Exit gas temperature; Temperature of flue gas going out of the Chimney  
Ta = Ambient temperature 

If we can control is the mass of flue gas and the exit gas temperature, we can lower 
this loss to a large extent. 
 
2. Heat lost with vapour: This is another loss though chimney and on some part 
we do not have any control. This loss is due the presence of moisture in the flue gas. 
Moisture takes away heat from the flue gas and leave with the flue gas as 

superheated steam at the exit gas temperature. Since moisture can be present in 
flue gas from different sources, this loss is further specified as  
A. Heat loss due to moisture formed by combustion of Hydrogen in fuel 

B. Heat loss due to moisture present in fuel, and 
C. Heat loss due to moisture present in combustion air 
 

A. Heat loss due to moisture formed by combustion of Hydrogen in fuel (L2): 
We have seen in the combustion chapter that from combustion of every kg of 
hydrogen, 9 kg of moisture is formed. Now this moisture would first evaporate after 

taking the latent heat from the flue gas. Since vapor present in the flue gas is at 
partial pressure (partial pressure of water vapour = total pressure x number of 
moles of water vapour/ total number of moles of mixture of all gases in the flue 
gas), the latent heat of vapourization is considered to be 584 kcal/ kg. After 
becoming steam, this would further take away some heat to become superheated 
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steam at a temperature equal to the exit gas temperature. Per kg of vapour this 
heat is considered as Cp x (Tg - Ta). 

Here Cp of superheated steam is taken as 0.45 kcal/ kg oC 
[We need some explanation here. From our knowledge of steam properties, we can 
identify Tg as Tsup and Ta as Tsat. Since at the chimney exit, the surrounding gas is at 

Tg, to maintain thermal equilibrium vapour would also get superheated up to that 
temperature. Again the steam is formed at a partial pressure, at which the 
saturation temperature is about 25oC, or nearly ambient. That is why Tsat is taken as 
Ta. Again Specific heat of superheated steam varies with pressure. It increases with 
the increase of pressure and decreases with the increase of degree of superheat. At 
the partial pressure of vapour Cp is to be considered as 0.45 kcal/ kg 

oC] 

Therefore the loss is calculated as 9H x {584 + 0.45 x (Tg - Ta)} kcal/ kg of 
fuel, where H is the mass of hydrogen per kg of fuel. 
This part of the heat loss can not be controlled by us unless we choose a fuel with 

less hydrogen. But then hydrogen contributes maximum in the heat value of fuel 
and therefore this loss becomes insignificant compared to that. We can only control 
the superheat by lowering the flue gas exit temperature, but then it is already in our 
priority list to lower the heat loss with dry flue gas.  
 
B. Heat loss due to moisture present in fuel (L3): When the fuel is having 

moisture content, the same amount of moisture again would take away heat in the 
same fashion as the moisture formed by combustion of hydrogen. This loss is 
calculated as  
Mw x {584 + 0.45 x (Tg - Ta)} kcal/ kg of fuel, where Mw is the mass of 
moisture per kg of fuel. 

If we can control the moisture content in the fuel, we can control this loss. 
 
C. Heat loss due to moisture present in combustion air (L4): Combustion air 

taken from the atmosphere contains some water vapour, which is termed as 
humidity. This water vapour present at the ambient temperature Ta would become 
superheated at the exit gas temperature Tg, when it is coming out of the chimney 

with the flue gas. The heat loss would depend on the mass of vapour present in 
atmospheric air, or Humidity Factor, or Humidity Ratio, or Absolute Humidity, 
expressed in kg of water vapour per kg of dry air. Air conditions can be quickly 

characterized by using a special graph called a psychrometric chart. Properties on 
the chart include dry-bulb and wet-bulb temperatures, relative humidity, humidity 
ratio, specific volume, dew point temperature, and enthalpy  

 

 
Locating air properties  
on a psychrometric chart 
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Psychrometric charts are available in various pressure and temperature ranges. 
Figure above is for standard atmospheric pressure and temperatures of 30o to 120 
oF. 
Once we know the mass of vapour per kg of ambient air from the chart, total mass 
of vapour inside the boiler per kg of fuel can be calculated as, where Ma is the mass 

of actual air per kg of fuel and FH is the humidity factor. 
Therefore heat loss = Ma x FH x 0.45 x (Tg - Ta)} kcal/ kg of fuel. 
 

Typical values of mass of vapour that air contains are given below: 
 

Dry-Bulb Wet Bulb Relative 

Humidity 

Temp °C Temp °C (%) 

Kilogram water per 

Kilogram dry air 

(Humidity Factor) 

20 
 

20 100 0.016 

20 
 

14 50 0.008 

30 

 

22 50 0.014 

40 
 

30 50 0.024 

 

3. Heat Lost due to incomplete combustion (L5): We have seen in the 
Combustion chapter that if we use inadequate air for combustion, part of Carbon 
gets partially oxidized resulting CO in flue gas and a large part of the heat value of 

Carbon is carried away by the CO without getting released. Heat value of CO is 
considered to be 5744 kcal/ kg 
Heat loss would depend on the mass of CO in the flue gas generated per kg of fuel. 

Heat loss is calculated as MCO x 5744 kcal/ kg of fuel 
To find out the mass of CO in flue gas, we need to measure percentage volume of 
CO and CO2 in flue gas and the mass of Carbon in fuel. Since the total mass of 

Carbon is converted into CO and CO2, mass of CO can be calculated by multiplying 
Carbon mass with proportionate volume of CO. 
So MCO = {CO% / (CO% + CO2%)} x C 
This loss is most definitely controllable by using adequate air for combustion. 
 
4. Heat lost due to un-burnt (L6): When we find un-burnt carbon in the fly ash or 

bottom ash, it means we are having an improper combustion and total heat value of 
the un-burnt carbon is lost. In this case the ash collected as bottom ash or fly ash 
would have some heat value depending on the un-burnt percentage in them.  

The loss can be calculated as Mash x GCV of ash, where Mash is the mass of ash 
collected per kg of fuel burnt. 
We can control this loss by ensuring proper combustion characteristics. 

 
5. Heat Lost due to radiation and convection (L7): This loss is difficult to 
calculate and can be controlled to some extent with proper insulation. Energy 
managers however can use the following empirical formula to calculate the loss. 
Heat Loss LR in W/ m2 =  
0.548 x [(Ts / 55.55)

4 - (Ta / 55.55)
4] + 1.957 x (Ts - Ta)

1.25 x √[(196.85 Va 
+ 68.9) / 68.9] 
To use this formula we need to know 

� Surface Absolute Temperature Ts in K, 
� Ambient Absolute Temperature Ta in K, 
� Wind velocity in m/ s 
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� Surface area of boiler AB in m
2 

From the above formula, the heat loss is calculated in W/ m2, i.e. J/ s per m2 area. 

We have to calculate total heat loss in kcal / hour, by  
LR x AB x 3600 (second to hour)/ 4.187 x 10

-3 (J to kcal) = LR x AB x 0.86 
We can find out the percentage loss per kg of fuel from fuel firing rate now. 

 
After calculating all losses, the indirect method of calculating efficiency would be this 
way 
 
Efficiency = 100% - 100 x (L1 + L2 + L3 + L4 + L5 + L6 + L7)/ CV 
Here CV (GCV or LCV) is taken as 100% input and all the losses are considered on 

basis of percentage of CV. 
 
Operational Factors:  
The losses over which the operator can exert a control are dry flue gas loss, carbon 
in ash loss and incomplete combustion (combustible in gas loss). 
Dry flue gas loss - % excess air and gas temperature at air heater outlet 
Carbon in ash loss - % excess air and p.f. fineness 
Combustible in gas loss – excess air 
The boiler operation should be aimed at reducing the sum of above losses. The final 

gas temperature should be above flue gas dew point. It is important to remember 
that dew point for water vapour is not 100ºC but lower than this, because of partial 
pressure. Most coal fired boilers have specified air heater gas outlet temperature of 
the order of 130ºC being the minimum practical temperature which is consistent 
with minimizing air heater corrosion (higher than acid dew point). A high air heater 

gas outlet temperature reduces boiler efficiency drastically. (A 22ºC rise in air heater 
gas outlet temperature reduces boiler efficiency by 1%). 
Boiler operation should be aimed at minimizing the causes of high gas exit 

temperature which could be due to: 
• Lack of soot blowing 
• Deposits on boiler heat transfer surface 

• High excess air 
• Low final feed temperature 
• Higher type of burner (+ve lift of burner angle) at low load 

• Incorrect S/Air to P/Air ratio 
 
Blow Down Losses: 
Though blow down losses are not considered while calculating the boiler efficiency, it 
definitely adds up to the losses of valuable energy. The only way to control this loss 
is to adopt a good feed water treatment. Since TDS in boiler water limits the % blow 

down in a boiler, the less TDS enters the boiler with the feed water, the less blow 
down would be required. 

The blow down rate can be calculated as 

Blow Down in kg per hour, Bw=  
steam generation in kg per hour / (permissible TDS in Boiler – Feed Water 
TDS) 
 
If there is no flush steam recovery system then the loss comes to  
Bw x (hg – h) kJ per hour 
Where, 
hg = Enthalpy of 1 kg of saturated steam produced under actual working condition in 
kJ, 

h = Enthalpy of 1 kg of feed water entering the boiler in kJ 
Typical losses in a boiler and the factors affecting losses are summarized below. 
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Table 1: Summary of losses 

LOSSES INDICATO
R 

REASON LIMITING 
FACTOR
  

RANG
E 

HOW TO MINIMIZE 
LOSS 

 

Dry Gas 
Loss  

 

High 
Exhaust 
Gas 
Temp. 

 

 

 

Low CO2 
in 
Exhaust 

Gas 

High 
Temp. 

 

 

 

 

High 

excess air 

Dew Point 
(% Sulphur 
in Fuel) 

 

 

 

Avoiding 
Incomplete 
Combustion 

 

 

 

13  – 
15 % 

Cleaning Boiler 
Tubes, carry out 
feasibility for Waste 
Heat Recovery 

(Economizer/Air 
Preheater), Opting 
Low Sulphur Fuel  

 

 Minimize Excess Air 

 

Wet Gas 

Loss 

%H in 

Fuel 

%H in 

Fuel  

%H in 

Hydrocarbon 
Fuel 

5  – 7 

% 

Proper Choice of 

Fuel 

Moisture 
Loss 

%Water 
in Fuel 

 

 

 

High 
Relative 
Humidity 

%Water in   
Fuel 

  

 

 

 

%Water in 
Air  

Hygroscopic 
Nature of 
Fuel  

 

 

 

 

Uncontrollabl
e 

0.1  – 
0.5 % 

Coal:  Storage under 
Shed before 
charging; 

Oil: Regular 

Separation of Water 

At Storage Tank 

 

Uncontrollable 

 

Blow down 
Loss 

Higher 
number of 

Blow 
down  

 

Higher 
Quantity 
of Blow 

down   

High TDS 
in Boiler 

Feed 
Water 

Available 
Water 

Source with 
High TDS. 
Inadequate 

Treatment 
Capacity 
&/or 

operation 

1  – 2 
% 

Possibility of Source 
Changeover 

 

Proper Selection, 
Design and 
operation of Water 
Treatment Plant 

Loss due to 
Carbon 
Monoxide in 
Flue Gas 

%CO in 
Flue Gas 

Incomplet
e Comb. 

High Dry Gas 
Loss  

0.01  
– 0.05 
% 

Adequate Excess Air 
and cleaning of 
Blocked Air path due 
to Clinkers 

Un-burnt 
Carbon 

Loss 

%Un-
burnt 

Carbon in 
Ash 

Higher 
Coal 

Particle 
size 

Non 
availability of 

proper sized 
Coal &/or 
Coal Sizing 

2  – 
10 % 

Use of Proper Sized 
Coal  
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Facility 

Ash Loss 
((Sensible 
Heat) 

High Ash 
Temperat
ure and 
Quantity 

High Ash 
content in 
Coal2. 
High Ash 
Temperat

ure  

Non 
availability of 
Low Ash Coal 

0.1  – 
1 % 

Proper Choice of   
Coal 

 

Radiation 

Loss 

High Body 

Temperat
ure 

Improper 

Insulation 

Insulation 

Thickness2. 
Material of 
Construction 

0.1  --  

1 % 

Proper and timely 

Repair of damaged 
Insulation 

Losses due 
to Improper 

Sizing  
(TPH) of 
Boiler 

High 
Duration 

of Boiler 
Trips 

Over 
Sizing of 

Boiler 

Changing 
Steam    

Load 

2  – 
15 % 

Derating of Boiler 

 

Losses due 
to Improper 

Fuel 
Selection 

Higher 
Steam 

Cost 
inspite of 
Higher 
Boiler 
Efficiency
  

Fluctuatio
n in Fuel 

prices and 
their 
Quality 
and 
Availabilit
y  

Capital 
Investment2. 

Changing 
Steam Load. 

Availability of 

Fuel 

2  – 
10 % 

Conversion of 
Existing Boiler to 

Cheaper Fuel 
options (Along with 
possible Downsizing) 
is Possible by 
Retrofitting 
Investments 

 

 

 

 


