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Understanding and Reducing Wood Combustion Emissions

Prior to reducing emissions, we must 

be able to quantify them.

Prior to quantifying them, we must 

understand how to measure them.

Prior to measuring them, we must 

understand what is happening in the 

fire.
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Understanding and Reducing Wood Combustion Emissions

The first thing we learned about what 

happens in a wood fire is that the wood does 

not burn homogeneously.

Emissions are quantified by calculation. The 

mass of smoke is given in terms of time or 

mass of fuel burned, i.e.

- milligrams per minute

- grams per kilogram burned
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Understanding and Reducing Wood Combustion Emissions

Regulation requires setting performance targets. 

With both approaches, we are required to 

quantify the mass emitted, the mass burned and 

the time interval.

The mass burned [kg][lbs] is really a proxy for a 

quantum of energy [kJ][MJ][BTU].

The metric “emissions per unit time” does not 

require knowing anything about the fuel or the 

process of combustion.
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Understanding and Reducing Wood Combustion Emissions

If what is burning is changed, the 

energy available and the emissions 

also change.

How do we know what we are 

burning? We choose a standard fuel 

and use it in all tests.

Burning with a random mix of fuels 

would be “inhomogeneous fuelling”.
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Understanding and Reducing Wood Combustion Emissions

But if our selected standardized fuel does 

not burn homogeneously we no longer 

know what just burned.

In a wood stove most of the volatiles burn 

away first and the char remains to be 

burned at the end (or not, depending).

This inhomogeneous combustion 

describes a typical wood fire. 

Unfortunately for the tester It is exactly 

the same as burning “random fuel”.
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Understanding and Reducing Wood Combustion Emissions

Comparisons of test results may no longer 

valid because three stoves will burn the 

standard fuel in three different ways.

Emissions might be reduced, they might not.

A number of strategies have been used to 

constrain the error, but error it gives, and 

the error is large.

To rate performance we must answer the 

questions, What just burned? and When did 

it burn?
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Decombustion Theory – Long Method

In 2010 we at the SeTAR Centre began applying the idea that we could 

get a better estimation of the CO mass if we could calculate how many 

moles of combustion products were emitted in given time period. 

With five variables and only four formulas, it turned out to be quite 

difficult to calculate. It required making certain assumptions which 

forced me to ignore my No. 1 rule,

“Never assume anything!”
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Decombustion Theory – Long Method

Making certain assumptions, I started in 2010 using a 

‘longhand’ method of calculating the mass of CO in any 

volume of gas.

Important:

Knowing the fuel composition and using a carbon balance 

method doesn’t work well for efficiency because the ratio of 

the mass of carbon burned to the mass of fuel burned varies 

considerably during, implying the HHV also changes 

considerably.
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Decombustion Theory – Long Method
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Decombustion Theory – Long Method

The longhand method involves estimating the total number 

of moles of all gases in the exhaust stream and relating the 

measured CO [ppm] concentration to the total.
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Decombustion Theory – Long Method

This enabled the creation of 4 separate sections of a burn sequence, 

each typical of the discrete tasks we were characterising.
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Decombustion Theory – Short Method

In April 2016 the development of the Short Method of the Decombustion Theory 

was announced at the pellet stove competition hosted by the Brookhaven National 

Laboratory.

It showed that the water vapour can be separated into its two sources by 

simultaneously assuming that:

- the ratio of hydrogen to oxygen in water is constant

- the ratio of oxygen to hydrogen released from the fuel is constant, even if that fuel 

combusts inhomogeneously

By assuming the O and H are proportionally co-emitted during the decomposition 

of the fuel, it is possible to calculate what fraction of the oxygen water vapour in 

the exhaust gases originated from the dry fuel. Given any one O or H value allows 

the others to be calculated.
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Decombustion Theory – Short Method

Variables:

a = the elemental oxygen in the wet gas sample originating from dry fuel [ppm]

b = the elemental hydrogen in the wet gas sample originating from dry fuel [ppm]

c = the elemental oxygen in the wet gas sample originating from fuel moisture [ppm]

d = the elemental hydrogen in the wet gas sample originating from fuel moisture [ppm]
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Decombustion Theory – Short Method

Constants

C1 = a+c = Total oxygen from the dry fuel + oxygen from the fuel moisture 

(from measurements and decombustion calculation)

C2 = b+d = Total hydrogen from the dry fuel and the fuel moisture 

(from measurements and decombustion calculation)

C3 = a/b = Ratio of oxygen in the dry fuel to the hydrogen in the dry fuel 

(from fuel analysis and calculation)
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Decombustion Theory – Short Method

The oxygen a that originated from the dry fuel is determined using the 
formula

a = (C1 – C2/2)/(1 – 1/(2•C3))

Expanded it is

a = ((a+c) – (b+d)/2)/(1 – 1/(2•(a/b)))
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AssumptionsAssumptionsAssumptionsAssumptions
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1.   Hydrogen and Oxygen are present in the Fuel and Water in known ratios

2. Fuel O and Fuel H are released homogeneously from biomass even if the 

fuel burns inhomogeneously.

Example of the number of 

moles and the ratios created:



Step 1:  Combust the FuelStep 1:  Combust the FuelStep 1:  Combust the FuelStep 1:  Combust the Fuel
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Combust 

some fuel and 

measure the 

resulting gas 

composition.

7.93   Moisture from fuel



Step 2: DecombustionStep 2: DecombustionStep 2: DecombustionStep 2: Decombustion
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Significance of RealSignificance of RealSignificance of RealSignificance of Real----Time Fuel AnalysisTime Fuel AnalysisTime Fuel AnalysisTime Fuel Analysis
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The HHV can be 

calculated in real time as 

the fuel evolves, as can 

the LHV, the CO2MAX and 

the efficiency. 



Significance of RealSignificance of RealSignificance of RealSignificance of Real----Time Fuel AnalysisTime Fuel AnalysisTime Fuel AnalysisTime Fuel Analysis
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Calculating the total mass of smoke emitted requires knowing the volume of 

gases emitted. This throws up an interesting challenge. 

To know accurately the emissions rate per kg burned requires knowing 

whether or not the missing mass is fuel or fuel moisture, and the nature of 

the residual fuel. 



Significance of RealSignificance of RealSignificance of RealSignificance of Real----Time Fuel AnalysisTime Fuel AnalysisTime Fuel AnalysisTime Fuel Analysis
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Using the decombustion theory allows an estimation to be made of how much 

oxygen must be supplied by air to supplement the fuel-oxygen to completely burn 

the fuel. The oxygen which must be provided by air, expressed as a fraction of the 

total oxygen demand, is here termed the stoichiometric oxygen demand ratio 

StOxR = (air oxygen) / (total oxygen demand for stoichiometric combustion)

Example:  If StOxR = 0.85 then 85% of the total oxygen will come from the air and 

the other 15% from oxygen in the fuel molecules.



Significance of RealSignificance of RealSignificance of RealSignificance of Real----Time Fuel AnalysisTime Fuel AnalysisTime Fuel AnalysisTime Fuel Analysis
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Knowing the decombusted fuel chemistry and the level of dilution by air and the 

change in mass during any time interval permits the calculation of the total volume 

of emitted gases. 

It also permits the calculation of Lambda (λ), the total air demand.  Normalised to 

0% excess O2 the undiluted concentration of PM or CO is

Excess Air factor + 1 = λ

The CO emission factor is 

CO [ppm] * λ = COEF  [ppm]



Significance of RealSignificance of RealSignificance of RealSignificance of Real----Time Fuel AnalysisTime Fuel AnalysisTime Fuel AnalysisTime Fuel Analysis
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However that “1” in “EA+1” assumes that the StOxR is 1:1. It is never the case for a 

fuel containing oxygen.

As shown in the previous chart, in the early fire the oxygen and hydrogen leave the 

fuel more easily than the carbon, resulting in a low StOxR value.

If the excess are level is 50% and the StOxR is 0.25 then

λ = 0.75 not 1.5

If CO concentration is 500 ppm, the COEF is 500 *0.75 = 375 (not 750) ppm

Late in the fire when the StOxR is 0.98, that same 500 ppm reading translates into a 

COEF of 500*1.48 = 740 (not 375) ppm.



Significance of Real-Time Fuel Analysis
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Without first decombusting the fuel and obtaining the fuel moisture 

level, it is not possible to know the actual COEF and thereby the total 

mass of CO emitted.

The same applies to the mass of PM2.5 if the fuel is not completely 

burned at the end of the test.

Rather than restricting the assessment period to that time during 

which all the fuel is completely burned, Decombustion Theory permits 

one to start and end the test arbitrarily during any period of 

convenience and still obtain an accurate performance rating.
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Thank you!
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Part 1, presented at Brookhaven National Laboratory, 7 April 2016

http://www.forgreenheat.org/upload/upload/Crispin%20Chemical%20Mass%20Balance%20-%20Brookhaven%202016%20CPP.pptx

Abstract:

Determining the efficiency of a stove or fireplace requires that the performance be calculated periodically 
and the results summed in some manner.  Because solid fuels rarely burn homogeneously, it is difficult to 
know exactly what just burned, what was just dried and how much heat was lost up the chimney as a 
percentage of what heat was available at the time.  To date, test methods have assumed that the fuel 
burned and dried homogeneously – something that usually just isn’t so. Following the announcement at 
Brookhaven National Lab earlier this year of a new theoretical breakthrough in test analysis, this 
presentation takes a second brief look at the Decombustion Theory. It provides additional details on how 
this method works and the benefits it brings to product developers and regulators. It contains new 
information relevant to the rating of product efficiency and proposes a change to the calculations 
embedded in combustion analysers.
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