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Abstract. This paper studied the Anaerobic-Anoxic-Oxic (A2/O) process of a city sewage treatment plant in 

Sichuan Province, China. We established a mathematical model of sewage treatment plant. The yield 

coefficient of heterotrophic bacteria (YH) in A2/O process was 0.65; maximum specific growth rate (uH) of 

8.6 d-1; attenuation coefficient (bH) of 3.5 d-1. Compared with the recommended values reported in the 

literature, the results showed that the yield coefficient of heterotrophic bacteria measured by this method 

was consistent with the recommended value and the maximum specific growth rate and attenuation 
coefficient were higher than the recommended value. Different water qualities of different processes and 

heterotrophic bacteria in the activity are not the same. So the determination of the results will be different. 

Using the Electrolytic Respirometer developed by Bioscience Incorporation (BI-2000), the microbial 

oxygen uptake rate (OUR) curve is more accurate, the sampling frequency is higher, the sampling point is 

more, the judgment of the logarithmic period is more accurate, the test result is more reliable and the sewage 

treatment plant of the upgrade and simulation to optimize the operation to provide a theoretical basis. 

Keywords: anaerobic-anoxic-oxic, kinetic parameters (YH, uH, bH), mathematical simulation, OUR curve 

Introduction 

A2/O Activated Sludge Process for the degradation of organic pollutants mainly rely 

on heterotrophic bacteria, the degradation process of activated sludge system mainly 

includes microbial decomposition of organic pollutants, microbial anabolism, self-

decomposition and heterotrophic microbes as the main microorganisms in the activated 

sludge system. In the mathematical model of sewage treatment, these processes can 

describe by the kinetic parameters such as the yield coefficient of heterotrophic bacteria, 
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the growth rate and the attenuation is coefficient. Therefore, it is very important to 

determine the kinetic parameters of heterotrophic bacteria. As a method recommended 

by International Water Association (IWA), respiration measurement has applied 

successfully to the determination of stoichiometry and kinetic parameters of wastewater 

(Smriga et al., 2016) and for the determination of Chemical Oxygen Demand (COD) 

components (Wu et al., 2016). 

At present, in most models such as Active Sludge Model 1 (ASM1), Active Sludge 

Model 2d (ASM2d) in the dynamic parameters of the recommended value and the 

recommended value has determined by the founder of the model software, according to 

their region of water quality and used Sewage treatment process to determine the results 

obtained. Due to differences in Chinese diet and differences in sewage treatment 

methods lead to differences in water quality components and microbial biochemical 

reaction environment. So the recommended value in the general model in China's 

application there is a certain irrational (Wu et al., 2016). 

In this experiment, the A2/O process of a city sewage of treatment plant in Sichuan 

Province is used as the research object, by using an electrolyte respirator BI-2000. It is 

determined the wastewater treatment plant yield coefficient A2/O process in 

heterotrophic bacteria and the maximum growth of the attenuation coefficient Rate, 

which provides a basis for the determination and simulation of A2/O process model 

parameters. 

Materials and methods 

The experiment was conducted using the Electrolytic Respirometer (BI-2000) 

developed by Bioscience Incorporation, USA (Fig. 1). 

 

 

Figure 1. BI-2000 electrolytic respirator 
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Because the electrolyte breathing apparatus has a higher test accuracy and test 

frequency -0.05 h can get a Biochemical Oxygen Demand (BOD). In addition, by 

improving the test frequencies in a more abundant data based on the first-order dynamic 

equation fitting and we make the test results obtained more accurate. Electrolyte 

respirator is mainly composed of 1 L reactor, electrolysis unit, CO2 trap and related 

software. It is shown in Figure 2 (Karanasios et al., 2016). The determination principle 

of “how much oxygen consumption, how much oxygen”, the electrolyte breathing 

apparatus can accurately measure the oxygen consumption of microorganisms. The 

specific steps are used to take the appropriate volume of activated sludge and raw water 

mixed in a 1L sealed reactor, the occurrence of biochemical reactions, consumption of 

oxygen and produce CO2, CO2 is loaded with 45% KOH solution of the CO2 trap to 

absorb the pressure drop in the reactor. The pressure sensor detects this pressure change 

and turns on the power of the electrolysis unit, which produces oxygen to supplement 

the oxygen consumed by the reaction process and maintains the pressure balance inside 

and outside the reactor (Yang et al., 2016). The computer calculates the oxygen 

production of the electrolysis unit based on the amount of current and the turn-on time 

during the reaction, thereby obtaining the amount of oxygen consumed by the 

microorganisms in the test. 

The solutions to configure in the test were 1 mol/L H2SO4 solution (electrolytic 

solution), 45% KOH solution (CO2 absorption solution). Before the test, first open the 

constant temperature water tank and magnetic stirrer preheat 2 h. The reactor containing 

the reaction mixture, the nitrification inhibitor ATU and the magnetic stirring rotor is 

then preheated for a period to ensure that the temperature difference between outside 

and the inside of the reactor is uniform (Yuan et al., 2016). Then a CO2 trap equipped 

with a KOH solution and a reactor equipped with dilute sulfuric acid Liquid electrolysis 

unit assembled, connected to the line, and began to record data. 

 

 

Figure 2. BI-2000 electrolyte breathing apparatus device map 
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Results 

Heterotrophic decay coefficient bH determination 

There are two main recognized microbial attenuation theory: one is the traditional 

attenuation theory; the other is the theory of death regeneration. 

Traditional attenuation theory thinks that the process of microbial attenuation in the 

process will use their internal storage of energy substances for breathing. After the 

death of microorganisms, the formation of cell residues (Xp). It does not take into 

account the decomposition of cells after death produced by other microorganisms’ 

matrix Slowly biodegradable COD (Xs) (Xu et al., 2017). The Microbial growth and 

decay process will breathe oxygen consumption. When microorganisms consume 

Readily Biodegradable COD (Ss) and Slowly biodegradable COD (Xs), there is only the 

decay process that is microbial endogenous breathing consumption of oxygen. 

The death regeneration theory suggests that the microbial attenuating part of the cell 

residue Xp, Xp is a particulate non-biodegradable organic matter and can be used no 

longer. The amount of microbial reduce is another part of the decomposition produces 

slow biodegradable organic matter Xs, Xs is hydrolyzed to produce new 

microorganisms for the growth of other microorganisms that is regeneration. When the 

matrix has consumed completely, the Ss formed by the hydrolysis of the attenuated 

product Xs become the matrix of the remaining microbial growth (Dorado et al., 2015). 

At the time the oxygen consumed is only caused by the Ss produced by this partial 

hydrolysis that is only depends on the growth of the heterotrophic bacteria. 

The mathematical expression of death regeneration theory is as follows. 

In the theory of death regeneration, the microorganisms are decomposed to form Xs; 

Xs hydrolyze to produce Ss for the growth of other microorganisms. Therefore, in the 

batch reactor, without the carbon source, microbial concentration change has expressed 

by Equation 1 (Domingo et al., 2017). 

 

 
H

H H H H

S S

dX Ss
b X u X

dt K S
     


 (Eq. 1) 

 

The process of hydrolysis of Xs is relatively slow so the hydrolysis process is a 

velocity limiting process. When no carbon source added, Ss has obtained by hydrolysis 

of Xs and expressed by Equation 2.. 

 

 (1 )
S S

H p H
dS dX

b f X
dt dt

    (Eq. 2) 

 

The ratio of the activated biomass to the cell residue Xp in the fp-death regeneration 

mode is about 0.08 (Liu et al., 2017; Pisoeiro et al., 2017). If the Ss produced by the 

hydrolysis of Xs and the Ss consumed by the microorganisms are equal (Eqs. 3-6). 
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 (Eq. 6) 

 

Equation 6 into Equation 1 gets Equation 7. 

 

 
d

[ (1 ) 1]
H

H H p H
X

b Y f X
dt

     (Eq. 7) 

 

When the t = 0, XH = XH (0) and Equation 7 are integral, the microbial 

concentration of the t moment can be obtained (Eq. 8). 

 

 
p[1 (1 )]
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H Hb Y f t
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  (Eq. 8) 

 

The mathematical expression of the traditional attenuation model is as follows. 

The traditional decay theory does not take into account the microbial decay after the 

decomposition of the formation of other microbial growth of the matrix of this process, 

the rate of heterotrophic bacteria decay (Eq. 9). 

 

 
d

'
H

H H
X

b X
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    (Eq. 9) 

 

In Equation 9, b'H is the attenuation coefficient from the traditional theory, to score 

it (Eq. 10). 
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  (Eq. 10) 

 

Contrast Equations 8 and 10 available (Eq. 11): 
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 (Eq. 11) 

 

According to the description of the traditional attenuation theory, the dissipation rate 

of dissolved oxygen in relation to the attenuation of heterotrophic bacteria is as follows 

(Eq. 12). 
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Equation 10 into Equation 12 (Eq. 13): 
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Take the logarithm of the above formula here (Eq. 14): 

 

 ln ( ) ln[(1 ' ) ' (0)] ' tp H H Hr t f b X b     (Eq. 14) 

 

It can be seen from the above formula that the natural logarithm of the dissolved 

sludge consumption rate with the activated sludge and the slope of the time-dependent 

curve of the activated sludge measured in the absence of a carbon source, which are the 

conventional attenuation coefficient (Mozumder et al., 2015; Wang et al., 2016). Hence, 

the first measurement the value of bH and YH, Value get bH by calculated the formula. 

Take the end of the mixture full of aeration in the aerobic tank of A2/O process, 

during the demonized water washed 3 times, standing for 30 min, drained the 

supernatant; take the treated sludge into the breathing apparatus (Leyva-Díaz et al., 

2015; Mampaey et al., 2013). To avoid nitrification affect the consumption of 

heterotrophic bacteria, add ATU (0.02 g/L propylene thiourea), inhibit the activities of 

autotrophic bacteria and then add de-ionized water, began to measure the depletion of 

heterotrophic oxygen consumption curve. 

According to Equation 14, use Ln(OUR) and time t to make a map, the slope of the 

straight line is the attenuation coefficient of the heterotrophic bacteria uʹH. Under the 

same conditions, the average value has determined by Equation 11 bacteria attenuation 

coefficient uH. 

Under the same test conditions, the results of the four tests were as in Figure 3, the 

attenuation coefficient of the death regeneration model was 3.12 d-1, 4.2 d-1, 3.11 d-1, 

3.58 d-1 3.5 d-1 (Liu et al., 2017; Guimerà et al., 2016). Compared with the 

recommended value of the model, the analysis may be due to the differences in water 

quality and process differences. 
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Figure 3. Determination of the traditional attenuation coefficient 
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From Figure 3 we can see that Ln(OUR) is linearly fitted with time t and the slope is 

the traditional attenuation coefficient. From the above equations (Eqs. 2-11; Peng et al., 

2017; Domingo-Félez C et al., 2017), we can see that the relationship between bH and 

the bH is bH = bʹH / (1-YH(1-fp)) and calculated according to this relationship get 

attenuation coefficient bH, the results show in Table 1. 

 
Table 1. Determination of attenuation coefficient of heterotrophic bacteria bH 

Number bʹH/d-1 bH/d-1 Recommended value 

1 1.25 3.12 

0.62 

2 1.69 4.20 

3 1.25 3.11 

4 1.44 3.58 

Average value 1.41 3.50 

 

 

Determination of yield coefficient of heterotrophic bacteria 

The heterotrophic yield coefficient (YH) is a relatively important stoichiometric 

factor. It not only affects the estimation of sludge yield and oxygen demand but also for 

certain wastewater components (e.g., biodegradable organic components SS and slow 

Speed biodegradable components XS, etc.) and kinetic parameters (heterotrophic 

bacteria than the growth rate, attenuation coefficient) have an impact. Thus, YH is a 

very critical stoichiometric parameter and YH inaccurate results in errors in the 

calculation of other component parameters (Zięba and Janiak, 2017). Therefore, YH is a 

more critical parameter, the need for accurate determination (Qin et al., 2016). At 

present, the more mature method is intermittent activated sludge method and breathing 

measurement method. 

According to the definition of YH that is in the activated sludge system, part of the 

soluble organic matter consumed in the sewage is used for the respiration of 

microorganisms, converted into CO2 and H2O and the other part is absorbed into the 

new cells by organic matter (Peng et al., 2017). As long as the intermittent measurement 

of microbial COD is in the closed system, the amount of soluble organic matter 

reduction, and the ratio is YH (Eqs. 18 and 19). 

 

 
Δ - r(t)dtΔ Cell

Δ Soluble Δ
H

CODCOD
Y

COD COD
 


 (Eq. 18) 

 

 1 2COD COD COD    (Eq. 19) 

 

In the above formula: COD1 is the initial COD in the mixture, COD2 is the COD in 

the mixed solution; ΔCOD is the COD (mg/L) degradation of the microorganisms in the 

mixed solution; the oxygen consumed by the microorganism as the energy the amount. 

Take the A2/O process aerobic tank at the end of the activated sludge, full aeration 

has repeated washing with distilled water, put away the supernatant, the depletion of 

activated sludge in the residual dissolved COD. Dosing nitrification inhibitor (0.2 mg/L) 

and part of the raw water to mix well, we take appropriate amount of mixed sample 

flocculation process for COD determination, the results recorded as COD1. Then we can 
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use BI-2000 for microbial oxygen consumption rate determination. Test for 1 day to 

read the BI-2000 electrolyte breathing apparatus on the oxygen consumption ( ( )r t dt ) 

and then take the appropriate amount of the product flocculation COD measured as 

COD2. Then YH is calculated as follows. 

 

Δ - r(t)dtΔ Cell

Δ Soluble Δ
H

CODCOD
Y

COD COD
 


 

 

1 2COD COD COD    

 

From Table 2 we can see that the yield coefficient of heterotrophic bacteria was 0.65, 

which was lower than the recommended value, 0.67 was 0.02. It indicated that the 

activity of A2/O activated sludge was slightly lower and the biodegradation. The same 

pollutants are under the premise of its less mud production. 

 
Table 2. Heterotrophic bacteria yield coefficient YH determination results 

Number YH Recommended value 

1 0.67 

0.67 

2 0.66 

3 0.61 

4 0.66 

Average value 0.65 

 

 

Determination of maximum specific growth rate of heterotrophic bacteria 

The oxygen consumption rate at any time in the batch reactor under the conditions of 

dissolved oxygen and sufficient substrate can be expressed as follows (Eq. 20). 

 

 
1

(t) ( ) (1 ) (t)
H

H H p H H

H

Y
OUR u X t f b X

Y


    (Eq. 20) 

 

It can be seen that Ln(OUR) depends on XH (t) that is the concentration of 

heterotrophic bacteria in the reactor at time t, the change of heterotrophic concentration 

can be expressed as follows (Eq. 21). 

 

 
d (t)

( ) (t)
H

H H H
X

u b X
dt

   (Eq. 21) 

 

Score the above formula (Eq. 22). 

 

 
( )t

( ) (0)e
H Hu b

H HX t X


  (Eq. 22) 

 

Equation 22 takes into Equation 20 (Eq. 23). 
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 ln ( ) ln[(1 ) (1 ) b ] (0) ( )H H H p H H H HOUR t Y Y u f X u b t          (Eq. 23) 

 

The above formula shows that with Ln(OUR) as the ordinate and time t as the 

abscissa plot, the resulting slope is (uH-bH) and uH can be obtained under the premise 

that bH has been measured. 

Take the sewage treatment plant A2/O process in the aerobic pool of mixed liquid 

fully aeration, during the time washed mud 3 times use of deionized water, standing to 

abandon the supernatant so that the sludge in the endogenous breathing level. Take the 

same amount of sewage from the inlet of the biochemical section of the sewage 

treatment plant to add to the endogenous respiration sludge after the above treatment 

(Liu et al., 2016). To avoid nitrification affect the consumption of heterotrophic 

bacteria, add nitrification inhibitor (propylene thiourea) 0.2 mg/L to inhibit the activities 

of autotrophic bacteria, with BI-2000 Electrolytic Respiration Tester measured OUR 

curve, and then ln OUR on t mapping, linear slope of uH-bH, UH has been measured 

under the premise of bH being measured. 
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Figure 4. Maximum growth rate of heterotrophic bacteria uH measurement curve 
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From Figure 4 we can see that Ln(OUR) is linearly fitted with time and the fitting 

degree is better. It shows that the method has some rationality. From the above 

equations (Eqs. 2-18), the maximum rate of growth is calculated from the slope as 

shown in the following table. 

 
Table 3. Determination of the maximum specific growth rate of heterotrophic bacteria uH 

Number uH-bH uH Recommended value 

1 6.55 10.05 

6.1 

2 4.19 7.69 

3 4.22 7.72 

4 5.45 8.95 

Average value 5.10 8.60 

 

 

From Table 3 it can be seen that the results of the maximum specific growth rate of 

heterotrophic bacteria show that the use of BI-2000 electrolyte respiration rate analyzer, 

the range is large and the range is roughly 7.72 d-1-10.05 d-1, the average is 8.6 d -1 

compared with ASM1 model. It indicated that in the sewage treatment plant A2/O 

process the activity of microorganisms faster than the proliferation rate. 

Discussion 

(1) The factors influencing the stoichiometric parameters of heterotrophic bacteria 

were sludge load ratio and temperature. The sludge load is too high and the sludge 

concentration in the reactor is small. After the reaction, some sludge sticks to the head 

of the aeration and the wall of the bottle so that the measured Cell COD increase is too 

small; resulting in YH value is too small. When the sludge load is too low, the dissolved 

COD in the reactor has been consumed at the end of the reaction. At this time, the 

sludge may be in the endogenous respiration stage and does not reflect the actual sludge 

growth, so the measured YH value will be small. 

(2) The biomechanical parameters and stoichiometric parameters of microbes have 

measured by BI-2000 microbiological respirometer. However, the attenuation 

coefficient and maximum specific growth rate of the measured heterotrophic bacteria 

were larger than those of the recommended value were. The uses of this method for 

microbial dynamics parameters and stoichiometric parameters have some limitations. In 

addition, the test process did not explore the sludge load ratio and temperature on the 

determination of the results so this is the future use of the method of the workers 

Provide the direction of research. 

Conclusions 

Study the mixture in the A2/O process system by BI-2000 Electrolyte Respiration 

Tester. The YH was 0.65, the uH was 8.6 d
-1

 and the bH was 3.5 d
-1

. Experiments show 

that there are some differences in the relevant kinetic parameters of heterotrophic 

bacteria in different areas and different processes. It is suggested that in the future 

mathematical model construction, the measured value should be adopted when the 

experimental conditions permit. In addition, the kinetic parameters of sewage in 
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different areas will vary greatly, especially in different catering countries. When 

choosing references, try to refer to relevant experimental results in this area. 
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