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Abstract 
The Air-Fuel Ratiois one of the keys parameters for driving the gasification process. 

Monitoring of oxygen percentage in flue gasesis one of variousways of controllingefficiency 

and emissions of industrial combustion. Biomassasificationis a thermochemicaldegradation of 

the biomassthatisaccomplishedwith the Air-Fuel Ratio lessthan the stoechiometric one 

thatisused in the combustion.  

Unfortunately, flue gasesanalyzers in combustion processes are expensive and not accessible 

to smallscale industries. This isparticularlytrue in developping countries. The 

Lambdasensorused in the automotive industrie is an oxygensensorwhichcontrols the 

electronic injection of the modern internal combustion vehicles. 

The aim of thisstudyis to present one simple method of measuring the oxygen concentration 

and calculatethe Air-Fuel Ratio in synthesisgasproduced by a downdraftbiomassgasifier by 

the use of an Arduino Uno 3 microcontroller and an automotive Lambdasensor. This method 

use the voltage signalsdevelopped by a heated 4 wiresLambdasensor and the Nerst Equation 

to calculateoxygen concentration in the producer gaz and derive the Air-Fuel Ratio. 

Resultspresented in this article show thatthismethodsis a simple and cost effective way to 

monitorAir-Fuel Ratio in a biomassgasifier. 
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1. Introduction 
Biomass gasification is used very little in Burkina Faso, although it has proven to be one of 

the most efficient methods for converting biomass into thermal and electrical energy. Despite 

the abundance of waste of agricultural, plant and household origin, the large-scale recovery of 

this conversion process is very little developed in Burkina Faso.[1], [2]. In a 

bibliographicreview made in 2014, itwasestablishedthatgasification of wastemaybe an 

interesting alternative for waste valorisation in Burkina Faso [3]. Otherstudies on the 

development of biomassenergy in Africaagreewith the main conclusions of thatreview [4], 

[5], [6]. 

The equivalence ratio (ER) of a system isdefined as the ratio of the hydrocarbon-to-oxidizer 

ratio to the stoichiometrichydrocarbon-to-oxidizer ratiowich can beexpressedwithequation (1) 

below : 

𝑬𝑹 =  
 𝒇𝒖𝒆𝒍 𝒕𝒐 𝒐𝒙𝒊𝒅𝒊𝒛𝒆 𝒓𝒂𝒕𝒊𝒐 𝒂𝒄𝒕

 𝒇𝒖𝒆𝒍 𝒕𝒐 𝒐𝒙𝒊𝒅𝒊𝒛𝒆𝒓 𝒓𝒂𝒕𝒊𝒐 𝒔𝒕𝒐
=  

[𝒎𝒇𝒖𝒆𝒍/(𝒎𝒐𝒙𝒚)]𝒂𝒄𝒕

[𝒎𝒇𝒖𝒆𝒍/(𝒎𝒐𝒙𝒚)]𝒔𝒕𝒐
=  

[𝒏𝒇𝒖𝒆𝒍/(𝒏𝒐𝒙𝒚)]𝒂𝒄𝒕

[𝒏𝒇𝒖𝒆𝒍/(𝒏𝒐𝒙𝒚)]𝒔𝒕𝒐
  (1) 

In equation (1), m represents the mass, n representsnumber of moles. Subscriptsact and 

storefer to actual and stoichiometric ratios respectively for the corresponding mass or mole 

fractions.  

According to Vaclav et al. [7] : if air isused as theoxidizer,  equation  (1) can berewritten as 

follow : 

𝑬𝑹 =  
(𝒇𝒖𝒆𝒍 𝒕𝒐 𝒐𝒙𝒊𝒅𝒊𝒛𝒆𝒓 𝒓𝒂𝒕𝒊𝒐)𝒂𝒄𝒕

(𝒇𝒖𝒆𝒍 𝒕𝒐 𝒐𝒙𝒊𝒅𝒊𝒛𝒆𝒓 𝒓𝒂𝒕𝒊𝒐)𝒔𝒕𝒐
=  

[𝒎𝒇𝒖𝒆𝒍/(𝒎𝒂𝒊𝒓)]𝒂𝒄𝒕

[𝒎𝒇𝒖𝒆𝒍/(𝒎𝒂𝒊𝒓)]𝒔𝒕𝒐
=  

[𝒏𝒇𝒖𝒆𝒍/(𝒏𝒂𝒊𝒓)]𝒂𝒄𝒕

[𝒏𝒇𝒖𝒆𝒍/(𝒏𝒂𝒊𝒓)]𝒔𝒕𝒐
  (2) 

Air Fuel Ratio isgiven by equation 3 below : 



 

 

𝑨𝑭𝑹 =
𝒎𝒂𝒊𝒓

𝒎𝒇𝒖𝒆𝒍
=  

𝒂𝒊𝒓 .𝑽𝒂𝒊𝒓

𝒇𝒖𝒆𝒍 .𝑽𝒇𝒖𝒆𝒍
=  

𝟏

𝒅

𝑽𝒂𝒊𝒓

𝑽𝒇𝒖𝒆𝒍
  (3) 

Whereis the , V is the volume, d is the density of the fuel against air. 

Comparingequations 3 and 2, weseethat ER is the ratio of the stoechiometric AFR to the 

actual AFR. 

Commercial Lambda sensorsgive the excessoxygen in the flue gas. Thereforewe can compute 

the AFR from the outpout of the Labmdasensor. 

In an experimentalstudy on air gasification of polypropylene, Xiao et al. [8] studied the effect 

of the ER and foundthatequivalence ratio appeared to have a significanteffect on the 

reactortemperature and othergasificationresults. The increase of the equivalence ratio favored 

the formation of the fuel gas and decreased the formation of the tars and 

char.Otherauthorsobtainedsimilarresults [9], [10], [11]. Coming out as a summary, the work 

donne by Vaezi et al. [12]used the thermochemicalequilibrium modeling to predict the 

performance of a heavy fuel oilgasifier. Their model combinedboth the chemical and 

thermodynamicequilibriums of the global gasificationreaction in order to predict the final 

syngas species distribution. Theycompared the results of their simulations 

withreportedexperimentalmeasurementsthroughwhichtheirnumerical model wasvalidated. 

Theyfoundthat the ER exhibit an optimum value respective to producer gazyield as depicted 

on figure 1 below : 

 
Figure 1 : Effect of the ER on the producergascomposition(fromVaezi et al. [12] 

Therefore, monitoring of the ER, i.e the AFRappear of the upmost importancein the 

gasification process. We have designed and testedtwowoodfireddowndraftbiomassgasifier in 

Burkina Faso [13], [14]. Unfortunatelywewaslimited by the faillure of the five flue 

gasanalyserswe have on hands and even the replacement of the oxygen or 

carbonmoxidesensorsappeared out of reach, becausethese are relativelycoosty and not suited 

for long run usage (maximun 5 minutes recommended by the manufacturers). 

Thereforewelookedaround and foundthatseveralauthorsusedLambdasensors to monitor the 

excess air and othergasesin industrialapplications [15], [16], [17], [18]. Wealsofoundthat the 

Arduino microcontroller can beused to acquire data fromnumeroussensors, 

computeseveralmathematicalfunctions and display or log these values in an USB drive [19], 

[20], [21],[22],[23]. 

UsingLambdasensors and the arduinomicrocontrolleremerged as veryinteresting and 

costeffective replacement solution for monitoring the ER in ourbiomassgasifiers. 

https://www.sciencedirect.com/topics/engineering/air-gasification


 

 

2. Materials and methods 

2.1 Experimental setup 
Overview of the experimental setup isgiven on figure 2 below : 

Figure 2 : Experimental setup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 : Workingprinciple and schematicdiagram of a Lambda oxygensensor, fromNajjar et al. [24] 

 

 

Technicalspecifications of the Arduino Uno 3 developpementboard are given in table 1 

below : 

Table 1 : Arduino Uno 3 technicalspecifications 

Microcontroller ATmega328P 

Operating Voltage 5V 

Input Voltage (recommended) 7-12V 

Input Voltage (limit) 6-20V 

Digital I/O Pins 
14 (of which 6 provide 

PWM output) 

PWM Digital I/O Pins 6 

Analog Input Pins 6 

DC Current per I/O Pin 20 mA 

DC Current for 3.3V Pin 50 mA 

Flash Memory 

32 KB (ATmega328P) of 

which 0.5 KB used by 

bootloader 

SRAM 2 KB (ATmega328P) 



 

 

EEPROM 1 KB (ATmega328P) 

Clock Speed 16 MHz 

LED_BUILTIN 13 

Length 68.6 mm 

Width 53.4 mm 

Weight 25 g 

 

2.2 Methods 

2.2.1 Determination of the temperature  
A K type themocoupleisusedalongwithits amplification and analog to digital 

converterreferenced as Max6675 to acquire the workingtemperature of the gasifier in 

°Cwhere the Lambda sensorisplugged in. Conversion in Kis made in the Arduino Integrated 

DeveloppmentEnvironment (IDE).  

2.2.2 Determination of the oxygenconcentration : 
A zirconium oxide oxygensensor, as for example the commercial 

norrowbandLambdasensorfound in automotives, consists of a pair of 

porousplatinumelectrodesseparated by a layer of the zirconium oxide as illustratedby Najjar 

et al. [24]on figure 3.abelow. 

At high temperatures (above573K) the zirconium ceramicbecomes conductive to oxygen 

ions. The Lambda sensoris made in thewaythat the sensingsideispluggedinto the 

monitoreddevice, while exposition to air isinternallyassuredthrough the unplugged part of 

the sensor (figure 3.b above). Whenexposed to twodifferentlevels of oxygen concentration 

on eitherside of the cell, for example : one side to gaz exhaust and another to the ambiant 

air, an electro-motive force (emf) voltage isproduced. Partial pressures of oxygen in 

addition to temperature and the emf can thereforebeused to determine air/fuel ratio for an 

exhauststreamfrom a combustion system whenreferenced to the known ambient oxygen 

concentration in air. 

The analog signal output from the Lambda sensorcomputed by Lutero C. de Limaet al. [25] 

varies from 0 to 80mV around800°C. At 500°C theyfound 28mV at 4% and 7.5mV at 15%. 

Our Arduino board use a 12 bits analog to digital conversion from 0 to 5V. Taking in 

accountthatgasificationisconductedundersub-stoechimetric conditions, welimitsourself to 

oxygen content from 3% to 15% at 850°C. Therefore, weneeda maximal analog signal 

amplification gain of 5000mV/80mV=62.5.  

Figures figure 4 belowdepict the AD620 low power µV and mV signal amplifierweused to 

amplifie the emfsupplied by the Lambda sensor. 



 

 

 

Figure 4 : The AD620 module and schematic 

Amplifiedanalog signal from the Lambdasensorwasdirected to an analog input pin of the 

Arduino Uno 3 board as illustrated on figure 5below : 

 

Figure 5: Electricaldiagram of the monitoring system 

Oxygen concentration isdeterninedthrought the Nerst Law : 

𝑶𝟐 % = 𝟐𝟎. 𝟗𝟔𝐞𝐱𝐩  −
𝒛𝑭

𝑹𝑻
 𝑬  (4) 

20.96 is thevolumic concentration of oxygen in clean air,  

zis the number of electronsmigratingbetweenthe sensorelectrodes,  

F is the Faraday constant,  

E is the amplifiedvoltage developedacross the sensorterminals,  

R is the universal constant of idealgases,  

T is the absolutetemperature in the Lambdasensor. 



 

 

A commercial heated4 wiresLambdasensorwasinstalled in the reductionzone of a 

downdraftgasifier. Close to the Lambdasensorwasinstalled a type K thermocouple. A simple, 

electrical circuit comprising a 5V DC power source in seriewith an amperemeter and the 

heatingelement of the Lambda sensorwasused. An electronicvoltmeterwasattached in parallel 

to the heatingelement. An oscilloscope wasalsoattached to the signal wires of the Lambda 

sensor as shownin figure 5below. 

Basically the heatingelementisdrivenwith an electronic circuit to supervises the 

electricalresistance of the sensor’sheater. That electronic control was not used in thispaper and 

willbeimplementedthrough the use of the Pulse Wide Modulation (PWM) technic in 

ananotherupcomingpaper. 

 

 

 

 

 

 

 

 

Figure 6 : Heater circuit resistancedetermination setup 

The heaterelementresistance variation accros the time isrepresented on figure 7 below. 

2.2.3 Determination of the AFR 
AFR iscalculatedusingequation(3). We must first find the stoechiometric AFR of wood in 

clean air. Wood composition sligthly varies betweenspecies, but can be in first 

approximation represented as C6H12O5, whenwoodissupposed not to containnitrogen or 

minerals. 

The stoechiometric combustion of wood in air containing 21% of oxygene and 79% of 

nitrogenis the following : 

𝑪𝟔𝑯𝟏𝟐𝑶𝟓 + 𝟔. 𝟓 𝑶𝟐 + 𝟒. 𝟕𝟕𝑵𝟐 
𝒚𝒊𝒆𝒍𝒅𝒔
      𝟔𝑯𝟐𝑶 + 𝟔𝑪𝑶𝟐 + 𝟑𝟏𝑵𝟐 (4) 

Stoechiometric AFR correspond to 21% of oxygen. Actual AFR, (AFR)act correspond to 

percent of oxygengivenby the lambda sensoraccording to equation(3). We the 

deriveequationbelow : 

(𝑨𝑭𝑹)𝒂𝒄𝒕 =  
𝒐𝒙𝒚𝒈𝒆𝒏(%)

𝟐𝟎.𝟗𝟔
(𝑨𝑭𝑹)𝒔𝒕𝒐 (5) 

3. Results and discussion 

3.1 Calibration of the Lambda sensor 
The Lambda sensordoesntrequire a complicatedorcosty calibration but the heaterresistance of 

aLambdasensorwidelyvaryfroma supplier to another.Wethusfirst checked the response of the 

heatingelementduring the application of a continiuselectrical power aiming to set the 

requiredworkingtemperature of the Lambdasensorto more than600 ºC and to check the 

Lambda sensorisworking as intended. Figure 5above show the setup for that setup. 



 

 

The responseof the Lambda sensor to a DC power supplyisshown on figure 7below: 

Figure 7:Variation of the resistance of the heatingelementinside the Lambdasensorduring the application of an 

5V DC power supply. 

 

 

 

 

 

 

 

 

We canseein figure 7 abovethat the resistance of ourLambda sensor varie from14.5to 25.1 

and isstabilisedafter 5 minutes of heating.  

Table 2 :  the heaterelementresistance varies with the temperature over the time as we can see 

on below 

 

Time(s) 0,5 2 4 6 8 10 12 14 16 

R() 14,6 23,3 24,1 24,6 24,6 24,6 25,1 25,1 25,1 

Tempe-

rature(°C) 
33 35,6 45 55 62 66 69 70 70,1 

This isbecause the final temperature of the heaterelementdepend on the power energyitreceive 

andheat radiation in the flue gaz. Therefore, temperature of the flue gaz also impact the 

heaterresistance. This iswhy, the heaterelementshouldbemanagedwith an appropiateelectronic 

circuit thataim tomaintain the heatingelement at the correct workingtemperature. 

Gibson et al. [26]  and Varambanet al. [27],using the Current Reversal Mode aimed at 

improving the accuracy of the measuredoxygen content combustion system reportedthatuntil 

12% of oxygen the correlationisperfect and from 15% up 

anothercorrelationshoweditselfperfect, characterizing a transitionalbehavior of the Lambda 

sensor at the range from 12 to 15%. 

Using the samemethod and comparingagainstmeasurementstakenfrom the reference 

combustion analyzer (Testo 300 XL)Lutero C. de Limaet al. [25], foundthat the 

averagedeviation of the set ofmeasurementswas of ±5% and the correlation factor was of 0.97 

demonstrating good agreement between the measurement of oxygen concentration at the flue 

gases and the measurements made by the reference monitor. 

In the case of gasification process, wework in sub-stoechiemetric conditions. Thereforewe 

are under 14.7% of stoechiometric combustion of gasoline. 

Fistgeneration of Lambda sensors are 4 wiressensors, whereas the second generation have 5 

wires and are calledwideband, becausethese can measure a wider range of oxygene 

concentration in flue gaz.Weconcludethat a norrowbandLambdasensor for measuringoxygen 



 

 

content when monitoring biomassgasificationislargelysufficient and accuracy have been 

supposedbased on resultsin references [15], [25], [26] and [27]. 

3.2Computing and displaying AFR  
Detailled code isgiven in appendice. Resultsobtained are displayed on a 20 columnswith 4 

lines LCD display as see in figure bellow 8 : 

 

Figure 8 : Finisesh prototype with LCD display 

In equation 4 above, mass of wood is mwood =164g.  

Required mass of air for stoechimetric combustion ismair = 642.07g. 

Hence the stoechiomtric AFR is : 

 (AFR)sto = 642.07/164 = 3.91, and also 

(AFR)act = (3.91/20.97) O2(%), wichgive : 

 AFR= 0.1865xO2(%) 

Reciprocally : 

O2(%) = AFR/0.1865 

According to workof  SaharSafiran et al. [28], optimum AFR for wood and 

woodybiomassgasificationwascomprisedbetween1.8  and 2. 

Wecomputedoxygenexcessagaint AFR and obtained figure 9 below : 

 

 



 

 

Figure 9 : Oxygeneexcess as function of AFR 

Withtheseresults, we canseethat monitoring the AFR give us an idea on how well the 

gasification process is running.As a perspective, we see the possibility of automatically 

controlling the AFR through a control loop which could give a correction signal through the 

PWM in order to control the primary air flow of the gasifierthusadjust the AFR. 

4. Conclusion 
Though a preliminaryheating time of 5 minutes wasrequiredbefore the resistance of the 

heatingelementwasstabilised ; thisworkpresent simplesmethods for acquiringtemperature and 

oxygen concentration withsensors andan Arduino board. Using the Arduino Integrated 

DeveloppementEnvironmentwritte (IDE), wesuccesffulyprogrammedthe Arduino Uno 3 

board in C++, measuredboththe lambasensortemperaturewith a K type thermocouple, the 

emfdevelopped by the Lambdasensor and the amplified signal E. Wecalculated O2 

concentration, derivedthe AFRand displayedtemperature T (°C and K), O2 (%), AFR, Time of 

Measure (minutes), emf (mV) and E (mV) on an user friendly 20x4 LCD display. A 

upcommingpaperwilladdress the stabilisation of the heatingelementrestance at a 

giventemperature, whenworkingtemperaturefluctuatethrough the use of Pulse Wide 

Modulation (PWM). 
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Appendix A : Arduino code 
#include<LiquidCrystal.h> 
#include"max6675.h" 
#include<Wire.h> 
#include<U8g2lib.h> 
LiquidCrystallcd(12,8,5,4,3,2); 
intOxyPin = A0; //Oxygen pinis A0 
intthermoDO = 7; //Digital pin D7 
intthermoCS = 13; //CS pin is 13 
intthermoCLK = 6; //Ok 
floattemperature = 0.0;//Definetemperature 
chardisp; 
MAX6675 thermocouple(thermoCLK, thermoCS, thermoDO); 
intvccPin = 3; 
intgndPin = 2; 
floatoxyPercent;//Oxygen 
float eO2=0.0; //Analog voltage developped by the lambda sensor 
float To2=600.0; //Workingtemperature of the lambda sensor 
#defineF96485.34  //Define the Faraday constant 
#defineR8.314  // Define the constant gases 
#defineO2Air20.96  //DefineOxygen concentration in clean air 
#defineT0273.2  // Definetemperature in K 
#definez1.6*pow(10,-19) //Electronic charge 
float Tom = 0.0;//Time of measure 
voidsetup(){ 
  Serial.begin(9600); 
// Max 6675 setup  
pinMode(vccPin, OUTPUT); digitalWrite(vccPin, HIGH); 
pinMode(gndPin, OUTPUT); digitalWrite(gndPin, LOW); 
//End setup for Max 6675 
//Setup LCD display 
lcd.begin(20,4); //LCD'snumber of columns and rows: 
lcd.clear(); 
lcd.print("Powering on. Pleasewait..."); 
delay(1500); //Give 1s to read 



 

 

lcd.clear(); 
lcd.print("Lambda sensor calibration in progress"); 
delay(1500); //Givereader 1.5 second to read the display 
} 
voidloop() 
{               
temperature = thermocouple.readCelsius()+273.15; //Temperatureisconverted in K 
//Oygenwith Lambda sensor 
eO2 = analogRead(OxyPin); 
    To2=temperature; 
    oxyPercent = 205*(O2Air*(exp((-(z*F*eO2)/(R*To2)))/1023.0*5.0)); 
//Temperatureisconverted in K 
// CalculateOxygene concentration according to equationderivedfrom the Nerst 
Law 
//Wenow display T and 02 
lcd.clear(); // Clear LCD to avoid weird characteres display 
lcd.setCursor(0,0); 
lcd.print("Temperature "); 
lcd.print(temperature,1); //Display Reactortemperaturewith 1 decimal 
lcd.print("K ");  
//Display O2 in % 
        lcd.setCursor(0,1); 
        lcd.print("Oxygene "); 
        lcd.print(oxyPercent, 1); // PrintOxygen content on LCD 
        lcd.print("%"); 
//Display whatis the time elapsed? 
lcd.setCursor(0,2); 
lcd.print("Time of measure "); 
unsignedlongcurrentMillis = millis(); 
Tom = ((currentMillis/1000)/60.0); 
lcd.print(Tom,1); 
lcd.print("mn"); 
// End calculating and displayingotherparameters 
delay(intervalHigh);  
}; // End loop 

 


