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As we discussed in the previous post, when discussing boiler 

efficiency we must be very specific about the  operating 

parameters of the boiler. 

So in part-II here, we are going to be more specific and look at a 

2MM BTUH input hot water boiler working under the following 

conditions: 

 Supply Water Temperature: 180°F.  (With mild weather Reset down to 160°F.) 

 Return Water Temperature: 150°F 

 Fuel Gas and Combustion Air at 60°F 

 Burner at full fire and 15% Excess Air. 

 The Flue Gas Temperature is 200°F 

 The Boiler has no flue gas heat recovery mechanism. 

What kind of efficiency can we expect for the above 

boiler?  Before we can answer this question, we have to 

thoroughly understand the basics of natural gas combustion in a 

boiler burner.  Once the chemistry of combustion is understood, 

the limits of boiler efficiency become very evident.   It will take a 

little patience to read through what follows; but if you are going 

to be purchasing or specifying these type of boilers, the 

information below will be well worth the time and effort.  

The Simplified Natural Gas Combustion Equation 

All the discussion below makes use of certain simplifying 

assumptions, and to prevent all the PhD's in Combustion 

technology getting bent out of shape, let us list the major ones 

right up front: 



1.  Assume that Natural  Gas i s  most ly Methane (CH4).   We wi l l  

a l so approximate the heating value of  Natu ral  Gas (HHV) as 

22,900 BTU/ lb.  

 

2 .  The combust ion i s  complete and there i s  no Carbon 

Monoxide in the f lue gases.  (NOx products  of  combust ion 

are usual ly ignored in energy calculat ions.)  

 

3 .  We assume that ai r  i s  a mixture of  Oxygen and Ni trogen 

only.   Argon and other  t race gases are lumped with 

Ni t rogen. The volumetr ic  (molar) percentages of  Oxygen 

and Ni t rogen in ai r  wi l l  be taken as 21% O 2  and 79% N 2 .  The 

molecular  masses of  a l l  e lements  in the combust ion 

equat ion wi l l  be rounded to whole numbers .  

 

4 .  The combust ion ai r  and fuel  gas are dry,  or  contain 

negl igib le amounts  of  moisture.  

All the assumptions above are pretty standard in engineering 

work but greatly help simplify the effort to bring out the points I 

am trying to make. 

Using the above simplifications, the basic combustion equation for 

natural gas is as follows: 

CH4 + 2O2  →   CO2 + 2H2O  +  HEAT    [1] 

We want everything shown on a per pound of fuel basis, and so 

after a little juggling with pound-moles we get the following: 

1 LB NATURAL GAS  +  4 LB OXYGEN   

→  2.75 LB CARBON DIOXIDE  +  2.25 LB WATER VAPOR [2] 

This equation represents "Exact" and "Perfect" combustion.   No 

“Excess Oxygen” is provided and the fuel is completely burnt with 

no Carbon soot or Carbon Monoxide in the products of 

combustion. 

Note especially the 2.25 lbs. of water vapor formed per pound of 

fuel - it plays a key role in the discussion that follows.  



The equation shows pure Oxygen being used.   In real life, the 

boiler burners are supplied with air.   Based on our assumption 

that air is a mixture of Nitrogen and Oxygen and in the volumetric 

ratio 79/21 as stated above, we modify the above equation as 

follows: 

CH4 + 2O2 + (2 X 79/21)N2  →  CO2 + 2H2O + (2 X 79/21)N2  [3] 

OR 

CH4 + 2O2 + 7.52N2  →  CO2 + 2H2O + 7.52N2   [4] 

And again converting to pound-moles and simplifying we get: 

1 LB NATURAL GAS  +  4 LB O2   +  13.2 LB N2   

 

→  2.75 LB CO2  +  2.25 LB H2O  +  13.2 LB N2   [5] 

Note that Nitrogen is not chemically altered during combustion 

but simply goes along for the ride with Oxygen.  It is a costly 

passenger though, because of the heat absorbed from the burner 

by the 13.2 lb mass of gas going from room temperature to flue 

gas temperature. 

Before we can move on to a real world heat content balance 

sheet, we need to modify the above equation one more time. The 

above equation is for the “EXACT” amount of air required for 

combustion.  All practical burners need "EXCESS AIR" to make 

sure that the combustion is complete.   Let us use a 15% Excess 

Air number which would be an average for good quality 

commercial space heating boilers.  With 15% Excess Combustion 

Air, keeping the ratio of O2 to N2 the same as above, our equation 

now changes as follows: 

1 LB NATURAL GAS  +  4.6 LB O2   +  15.2 LB N2  

→  2.75 LB CO2  +  2.25 LB H2O  +  0.6 LB O2  +  15.2 LB N2   [6] 

This equation is a gold mine of information.   Study it carefully.  It 

is contains all the antidote you need to battle Boiler Efficiency 

sorcery by the peddlers.  Let us get started by making three 

important general observations impl icit in this equation: 



1. Excess Air does not change the amount of CO2 and H2O in the flue 

gases.  The production of both is limited by the Carbon and Hydrogen 

atoms in the fuel, and therefore it is not affected by Excess Air.  However, 

the percentages of CO2, and H2O by volume in the flue gasses go down 

as the Excess Air is increased.  Naturally the percentage of O2 increases 

with Excess Air.  Because of these facts, measuring the volumetric content 

of CO2 and O2 in the flue gas can accurately indicate the amount of 

Excess Air being used by the boiler. 

 

2. It is in the Boiler Manufacturer's best interest to claim the lowest amount of 

Excess Air when publishing boiler efficiency data.  As we will see later this 

“excess” mass of flue gas carries away heat with it and thus reduces 

efficiency. 

 

3. Similarly, it is in the Boiler Manufacturer's interest to claim the lowest stack 

gas temperature.  Fortunately both Excess Air and Stack Gas Temperature 

can be easily verified in the field and checked against published 

data.  Just have them take you to a recent installation with that particular 

boiler model and take measurements. 

The importance of these 3 observations will become clearer as our 

discussion progresses. 

The Heat Lost With Water Vapor in Flue Gas 

Note again the 2.25 lbs. of water vapor in the products of 

combustion.  This vapor takes with it both the sensible and the 

latent heat of vaporization up through the flue vent.  

For our example, the vapor pressure of this water vapor is 2.5 

psia and the temperature of flue gases is 200°F. Looking up the 

steam tables (or using steam calc. apps), at the vapor pressure 

and flue gas temperature, this energy (above 60°F gas and air 

temperature) is 1,122 BTU/lb. 

That means that we are losing (2.25 x 1,122) = 2,525 BTU up 

through the chimney.  And if the heating value of natural gas is 

taken as 22,900 BTU/lb this loss is 11% of the heat input.   (The 

fact that natural gas is not all Methane as we have assumed, 

introduces a very small and negligible error in this calculation.)  



So right of the bat, if someone claims significantly higher than 90% 

efficiency for a boiler operating at temperatures that will not 

condense the water vapor of combustion — you should be very 

suspicious!  We haven’t even considered the other 2 loss 

categories yet. 

Condensing boilers get a boost in efficiency by CONDENSING this 

vapor and recovering the heat.  But for any condensation to 

occur, at least some part of the boiler heat exchanger should be 

below the flue gas dew point.  This certainly will not happen in 

our selection where the return water temperature is 150°F.   And 

this brings us to the concept of Flue Gas Dew Point.  

Because understanding the Flue Gas Dew Point is so important, 

we will digress a little in Part-III of this post to better understand 

the concept, what it depends on, and how it is calculated.  

To be continued in Part-III 

  


