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Abstract: The individual’s adaptive behavior to environmental conditions through different behavior-
rules is one of the strongest aspects of an individual-based model (IBM). Microbial IBMs consider 
individuals as discrete entities that follow behavior-rules that dictate how microorganisms interact with 
their surrounding environment and other microbes, so that the microorganisms and the environment can 
change their characteristics. This makes it possible to explore connections between micro-level 
microorganism behaviors and macro-level patterns that emerge from their interactions. INDISIM-
Paracoccus is a bacterial IBM used to model the growth and development of the bacteria Paracoccus 
denitrificans in batch and continuous cultures under aerobic and anaerobic conditions. It embeds 
thermodynamic properties in individual cells, which can simulate the behavior of the cell population 
more realistically and mechanistically than other approaches. The IBM’s development and application 
with some intracellular detail and complexity constitute a key advantage in the investigation and 
understanding of the different steps of denitrification carried out by a denitrifying bacterium.  
Keywords: denitrification, Paracoccus denitrificans, bacterial yield prediction, individual-based model, 
Thermodynamic Electron Equivalents Model, INDISIM. 

 

1. INTRODUCTION 

Denitrification is the process in which bacteria, for instance 
Paracoccus denitrificans, one of the frequently chosen 
species for biochemistry studies, use nitrate as a final electron 
acceptor and carry out respiratory metabolism in anaerobic 
conditions. Denitrification reduces the nitrate content of soil, 
so that fewer nitrates can leach downwards and root uptake 
may be hindered (Heinen, 2006). Denitrification is also a 
source of environmental burden, in agricultural soils; nitrous 
oxide (N2O) emissions are very important due to the large 
amount of N-fertilizer in crops and soil organic matter 
mineralization (Snyder et al., 2009). N2O is a powerful 
greenhouse gas that can persist for up to 150 years while it is 
slowly broken down in the stratosphere (Richardson et al., 
2009). To study the effects of denitrification on the nitrogen 
balance in agricultural systems controlled experiments in 
bioreactors and simulation models can be helpful tools 
(Felgate et al., 2012).  
About 25 years ago an interesting modeling approach 
paradigm was implemented, which is an alternative to the 
population-level approach (Grimm, 1999). This modeling 
approach is called "individual-based modeling" (Individual-
based Models, IBMs), with which it is possible to simulate 
the interactions of the agents (individuals and/or collective 
entities) with their environment. Microbial IBMs offer some 

advantages over the traditional population-level models 
(Ferrer et al., 2008; Hellweger & Bucci, 2009; Kreft et al., 
2013).  
 
We are developing an IBM for denitrifying bacteria called 
INDISIM-Paracoccus (Araujo et al., 2014). The model 
assumes a culture medium containing succinate as a carbon 
source, ammonium as a nitrogen source and various electron 
acceptors such as oxygen, nitrate, nitrite, nitric oxide and 
nitrous oxide to simulate continuous or batch cultures under 
diverse substrate-dependent cell growth of the bacterium P. 
denitrificans. The model embeds a Thermodynamic Electron 
Equivalents Model (TEEM2) (McCarty, 2007) for bacterial 
growth prediction within the IBM INDISIM (Ginovart et al., 
2002). The obtained stoichiometric reactions are an 
intracellular model for generating the microorganism 
behavior-rules.  
 
In the INDISM-Paracoccus framework, the objectives of this 
study are to: i) show how balanced energy reactions are 
incorporated into the behavior-rules for cellular maintenance 
and for biomass synthesis following a thermodynamic 
approach, and ii) implement the model on NetLogo and test 
two hypotheses about the order in which the reactions are 
followed by the bacteria while the denitrification process 
occurs. Temporal evolutions of some system variables will be 
analyzed and compared.  
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2. MATERIALS AND METHODS 

2.1 Metabolic pathways 
 
P. denitrificans can survive in ecosystems with fluctuating 
aerobic and anaerobic conditions, because it can use 
molecular oxygen dissolved in the medium; thus in the 
aerobic phase it can execute “Aerobic respiration” with 
oxygen (O2) as the electron acceptor (Reaction 1) and 
“Nitrate reduction - Dissimilatory” as the nitrate (NO3

-) 
electron acceptor (Reaction 2) (Baker et al., 1998; Beijerinck, 
1910; Caspi et al., 2012). 
 
O2 + 4 H+ + 4 e- → 2 H2O   (Reaction 1) 
NO3

- + 10 H+ + 8 e- → NH4
+ + 3 H2O (Reaction 2) 

 
Further P. denitrificans in anoxic conditions executes 
“Nitrate reduction - Denitrification process” because it is 
capable of anaerobic growth in the presence of NO3

-, nitrite 
(NO2

-), nitric oxide (NO) or N2O as electron acceptors 
(Reactions 3 to 6) (Baumann et al., 1996; Bergaust et al., 
2010; Bergaust et al., 2012; Caspi et al., 2012; van Verseveld 
et al., 1983). 
 
2 NO3

- + 4 H+ + 4 e- → 2 NO2
- + 2 H2O (Reaction 3) 

4 H+ + 2 NO2
- + 2 e- → 2 NO + 2 H2O (Reaction 4) 

2 H+ + 2 NO + 2 e- → N2O + H2O  (Reaction 5) 
2 H+ + N2O + 2 e- → N2 + H2O  (Reaction 6) 
 
2.2 Thermodynamic electron equivalents model second 
version – TEEM2 
 
Microorganisms capture energy released by redox reactions 
for maintenance and growth. Redox reactions always involve 
an electron donor and an electron acceptor. The electrons are 
obtained from an electron donor and transferred to 
intracellular electron carriers. Carriers bring the electrons 
towards the electron acceptor; as a result the acceptor suffers 
a reduction reaction that causes the regeneration of the initial 
carrier. When microorganisms use an electron-donor 
substrate for synthesis, a portion of their electrons (feo) is 
transferred to the electron acceptor to generate energy and 
metabolic products and the other portion of electrons (fso) is 
transferred to the N-source for cell synthesis (Rittmann & 
McCarty, 2001) (Fig 1). 
 
TEEM2 is a thermodynamic model based on bioenergetics 
growth efficiency that can make an adjustment between cell 
synthesis reaction (Rs) and energy reaction (Re) to predict 
bacterial yield with the associated Gibbs free energies for 
these reactions (McCarty, 2007).  
 
Re is the combination of the half-reaction for the electron 
donor (Rd) and the half-reaction for the electron acceptor 
(Ra). Rs is the combination of Rd with the half-reaction for 
the biomass synthesis (Rc) that considers ammonium or other 
nitrogen sources for new biomass generation (Rittmann & 
McCarty, 2001). 
 

 
Fig 1. Electron donor utilization for energy production and 
cell synthesis. Adapted from Rittmann & McCarty (2001). 
 
Equations (1) and (2) show how TEEM2 calculates the 
relationship between (feo) and (fso) with Rd, Ra and Rc half-
reactions and their Gibbs standard free energy along with 
other Gibbs energy potential terms, considering that 
thermodynamic free energy is lost at each transfer by 
including a term for energy-transfer efficiency (ε). Equation 
(3) shows how TEEM2 calculates the maximum bacterial 
yield Yc/c (McCarty, 2007). 
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Where, 
 fso = Fraction of electron-donor electrons converted for 

synthesis (eeq cells/eeq donor). 
 feo = Fraction of electron-donor electrons used for energy 

and converted to reaction products (eeq products/eeq 
donor). 

 ∆Ge = Gibbs free energy for energy reaction (kJ/eeq). 
 ∆Gs = Gibbs free energy for cell synthesis reaction 

(kJ/eeq). 
 ∆Ga = Reduction potential for electron acceptor half-

reaction (kJ/eeq). 
 ∆Gd = Reduction potential for electron donor half-

reaction (kJ/eeq). 
 ∆Gxy = Reduction potential for NADH oxidation (219.2 

kJ/mol). 
 ∆Gin = Reduction potential for Acetyl-CoA half-reaction 

(30.9 kJ/eeq). 
 ∆Gfa = Reduction potential for formaldehyde half-reaction 

(46.53 kJ/eeq for C1 compounds, 0 for others). 
 ∆Gpc = Gibbs free energy for intermediate conversion to 

cells (kJ/eeq) = 3.33 kJ/gcells (Molecular weight 
Cells/pcells) = 3.33(113/20) = 18.8 kJ/eeq with ammonia 
as nitrogen source and cell formulation of C5H7O2N. With 
nitrate, nitrite, or N2 as nitrogen source, pcells equals 28, 
26 and 23 kJ/eeq, respectively (Rittmann & McCarty, 
2001). 

 ε = Energy transfer efficiency. 

MATHMOD 2015
February 18 - 20, 2015. Vienna, Austria

744



 
 

     

 

 m = +1 if ∆Gfa > 0, otherwise = n. 
 n = +1 if m = n and (∆Gin - ∆Gd) > 0, otherwise n = -1. 
 p = Number of electron equivalents per mole of substrate 

from half-reaction reduction equation. 
 q = Number of oxygenase reactions per mole substrate. 
 γd = Degree of reduction of electron donor. 
 γx = Degree of reduction of cells. 
 Yc/c = Maximum bacterial yield (molCmic/molCsubstrate). 

3. RESULTS 

3.1 Basic model description  
 
INDISIM-Paracoccus is an IBM for the denitrification carried 
out by the bacteria P. denitrificans growing in batch and 
continuous culture in aerobic and anaerobic growing 
conditions. The model has two entities: individuals and 
square patches of culture medium. An individual represents a 
unique bacterium of P. denitrificans and has the following 
variables: an identification number, location, mass, 
reproduction mass, internal product amounts and counters for 
each metabolic pathway and reproduction cycle. The smallest 
microorganism has a mass of ~ 1 pmol and the largest 
microorganism has a mass of ~ 6 pmol. A two-dimensional 
lattice of 31x31 grid cells represents the bioreactor that 
contains the culture medium; one spatial cell represents 1 nl, 
so the total bioreactor volume is 961 nl. Their variables are: 
position identifier in XY coordinates, total amount of each 
nutrient, succinate, NH4

+, O2, NO3
-, and metabolic products, 

NO2
-, NO, N2O, N2 and CO2. All microbial and culture 

medium processes are discretized in time steps. One time step 
represents 10 min. At each time step all the individuals are 
controlled by a set of time-dependent variables, and they 
perform the following processes: nutrient uptake, cellular 
maintenance, biomass synthesis, metabolic products 
generation and bipartition. Culture medium processes are 
different depending on the bioreactor management protocol. 
At the beginning of the simulation the bioreactor works as a 
batch culture with oxygen saturated conditions, and the user 
manages at what time this phase ends and switches to 
continuous culture in anoxic conditions.  
A microbe in INDISIM-Paracoccus checks the local oxygen-
dissolved level and if it is lower than a threshold value (O2-
MIN) the microbe uses the anaerobic metabolism; otherwise 
it uses aerobic metabolism. This change is discrete for each 
bacterium in the time step; therefore there is a gradual 
translation for the population. Having selected the 
metabolism, the microbe carries out its maintenance 
according to the energy reactions and its specific 
maintenance requirements. After maintenance, if the 
succinate intake and the quantity of some electron acceptors 
are greater than zero, the bacterium can perform biomass 
synthesis. With the nutrient intakes updated the microbe 
divides the amount of each nutrient by its respective 
stoichiometric coefficient and selects the smallest value. This 
information provides the demands of the other nutrients for 
new biomass and metabolic products generation. After this, if 
there are remaining electron donors and some electron 
acceptor intakes, the microbe can perform the next metabolic 
reaction. Otherwise the remaining unused intakes are 

expelled to the medium. The bipartition process is an 
INDISIM sub-model (Ginovart et al., 2002). The sub-models 
related to the bioreactor’s procedure are: i) Agitation: 
Nutrients and metabolic products are redistributed in the 
culture medium and microorganism positions change 
randomly, ii) Input flow: The bioreactor is refilled with fresh 
culture medium and iii) Output flow: A fraction of 
individuals and culture medium are randomly removed. 
The model design has been implemented in the NetLogo 
multi-agent programmable modeling environment (Wilensky, 
1999), and the simulator may be obtained from the authors on 
request.  
 
3.2 Stoichiometric coefficients for cellular maintenance 
energy reaction and biomass synthesis. 
 
The energy reactions consider that succinate and some 
electron acceptors were obtained according to TEEM2 for 
aerobic and anaerobic maintenance (Table I). See appendix A 
for detail calculations. The stoichiometric coefficients, for a 
metabolic pathway, were obtained from Gibbs free energy for 
a half-reaction (reactions 1 to 6) with an assigned ε value in 
the range proposed by McCarty (1971, 2007) (Table II). See 
appendix B for detail calculations. 
 
Table I. Balanced energy reactions (Re) for cellular 
maintenance in aerobic and anaerobic phase. (Re = Ra – Rd) 
according to (Rittmann & McCarty, 2001). 
 
Chemical 
species 
(x10-2) 

Succinate with 

Oxygen Nitrate Nitrite Nitric 
oxide 

Nitrous 
Oxide 

C4H4O4
2- 7.14 7.14 7.14 7.14 7.14 

O2 0.25 --------- --------- --------- --------- 
NO3

- --------- 50 --------- --------- --------- 
NO2

- --------- (50) 100 -------- --------- 
NO --------- --------- (100) 100 --------- 
N2O --------- --------- --------- (50) 50 
N2 --------- --------- --------- --------- (50) 

CO2 (14.3) (14.3) (14.3) (14.3) (14.3) 
HCO3

- (14.3) (14.3) (14.3) (14.3) (14.3) 
H2O (7.1) (7.1) (14.3) (7.1) (7.1) 
H+ --------- --------- 100 --------- --------- 

Numbers between parenthesis are reaction products 
 
Table II. Balanced chemical equations for biomass 
(C3H5,4O1,45N0,75) synthesis in aerobic and anaerobic phase. (R 
= feoRa + fsoRc – Rd) according to TEEM2 (McCarty, 2007). 
 
Chemical 
species 
(x10-2) 

Reaction 

1 2 3 4 5 6 

C4H4O4
2- 7.14 7.14 7.14 7.14 7.14 7.14 

NH4
+ 4.31 0.55 2.14 4.13 4.13 4.13 

O2 7.40 ------ ------ ------ ------ ------- 
Biomass (5.75) (5.72) (2.86) (5.51) (5.51) (5.51) 

NO3
- ------ 3.74 32.5 ------ ------- ------ 

NO2
- --------- --------- (32.5) 32.5 ------ ------ 

NO --------- --------- --------- (32.5) 32.5 ------ 
N2O ------ ------ ------ ------ (16.25) ------ 
N2 ------ ------ ------ --------- --------- 16.25 

CO2 (1.36) (1.41) (7.86) (1.89) (1.89) (1.989) 
HCO3

- (9.98) (9.99) (12.14) (10.15) (10.15) (10.15) 
H2O (2.40) 1.32 (4.79) (18.85) (2.60) (2.60) 
H+ ------ 7.48 ------ 32.5 ------ ------ 

Numbers between parenthesis are reaction products 
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3.3 Preliminary simulation results with INDISIM-Paracoccus 
 
For biomass synthesis in anaerobic phase the bacterium has 
the possibility to execute the denitrification process that is 
carried out with four reactions. To investigate the effect of 
the priority in the use of different electron acceptors at the 
microbial level two hypotheses were formulated. The first 
hypothesis is that the four reactions succeed according to 
their standard Gibbs energy because this indicates the 
spontaneity of reaction occurrence in comparison to the 
others. Reactions with lower Gibbs energy are expected to 
occur first. In this case the order is: Reaction 3, Reaction 6, 
Reaction 5 and Reaction 4. The second hypothesis is that the 
four reactions succeed according to the nitrogen oxides 
reduction level. In this case the order is: Reaction 3, Reaction 
4, Reaction 5 and Reaction 6. INDISIM-Paracoccus IBM 
allows us to investigate and compare the two hypotheses 
thorough outputs of some system variables such as biomass, 
nitrate, nitrite, nitric oxide, nitrous oxide, nitrogen, oxygen, 
carbon dioxide, succinate and ammonium (Fig. 2). 
 

  

  

  

  

  
Fig. 2. Temporal evolutions of: A) Biomass, B) NO3

-, C) 
NO2, D) NO, E) N2O, F) N2, G) O2, H) CO2, I) Succinate, J) 
NH4

+. Reactions occur according to: Dashed line: their 
standard Gibbs energy. Continuous line: the nitrogen oxides 
reduction.  
 
For all temporal evolutions in the aerobic phase (first 24 
hours) the simulated results are similar for the two 
hypotheses. After switching to the anaerobic phase, the Gibbs 

order hypothesis shows the presence of intermediate nitrogen 
oxides and low N2 production, and the hypothesis that the 
reactions occur according to the nitrogen oxides reduction 
shows the absence of intermediate nitrogen oxides and high 
N2 production. In the long term both scenarios achieve a 
steady state according to the dilution rate of 0.05 h1. 

4. DISCUSSION 

INDISIM-Paracoccus offers the possibility of interpreting, 
understanding and investigating the dynamics of P. 
denitrificans growing in a controlled condition. The simulator 
allows us to treat the intrinsic variability of the microbes, 
each of which has particular characteristics and acts 
according to specific behavior-rules related to its biological 
guidelines. INDISIM-Paracoccus model is implemented in 
the widely used, free and open source IBM software platform 
NetLogo that facilitates interaction among researchers, 
modelers and academics. When converting the reactions that 
represent metabolic pathways into a balanced chemical 
equation by applying the TEEM2, the individual growth yield 
obtained is higher than published population yields, but the 
population growth yield is in accordance with reported P. 
denitrificans values. TEEM2 appears to be a useful tool for 
modeling the individual behavior-rules in the INDISIM-
Paracoccus model. The hypothesis that the reactions in the 
bacterium occur according to their standard Gibbs energy 
does not seem plausible, because NO production reaches 
higher values than those reported by experimentalists 
(Felgate et al., 2012). But it was useful in the first steps of 
our investigation to develop and parameterize the model. 
Further work will be needed in making adjustments in order 
to deal with the denitrification process according to the 
nitrogen oxide reduction and to include denitrification 
enzyme expression as a response to the environmental 
conditions.  
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Appendix A. EXAMPLE OF CALCULATIONS OF 
ENERGY REACTIONS FOR CELLULAR 

MAINTENANCE IN INDISIM-PARACOCCUS MODEL 

The metabolic reactions were written considering the 
elementary cell composition for P. denitrificans 
(C3H5.4N0.75O1.45) proposed by van Verseveld et al. (1979, 
1983). 
Before biomass synthesis, each bacterium executes a 
behavior-rule for cellular maintenance. The maintenance 
requirements are different for the aerobic and anaerobic 
phases. So to establish the individual behavior-rule for the 
aerobic phase we assume a maintenance requirement of 0.002 
gCdonor·gCmic

-1·h-1 proposed by Gras et al. (2011) and write 
the energy reaction (Re) with succinate and oxygen as 
follows: 
 
(i) Write inorganic and organic half-reactions for electron 
donor and electron acceptor. 
Electron donor (succinate) half-reaction (Rd): 
   1/7 CO2 + 1/7 HCO3

- + H+ + e- → 1/14 (C4H4O4)2- + 3/7 H2O 
Electron acceptor (oxygen) half-reaction (Ra): 
   ¼ O2 + H+ + e- → ½ H2O 
 
(ii) According to Rittmann & McCarty (2001) following 
equation (4) a balanced stoichiometric equation can be 
written for the energy reaction. 
Re = Ra – Rd (4) 
 
Ra 0.25 O2 + H+ + e-  → 0.50 H2O 

– Rd 0.0714 (C4H4O4)2- + 0.4285 H2O → 0.1428 CO2 + 0.1428 HCO3
- +  H+ + e- 

Re 0.0714 (C4H4O4)2- + 0.25 O2
  →→  0.1428 CO2 + 0.1428 HCO3

- + 0.0714 H2O 

 
Re is the balanced chemical equation for the energy reaction 
to determine the individual behavior-rule for aerobic 
maintenance in the INDISIM-Paracoccus model. 
 
(iii) Computation of specific maintenance requirements for 
the aerobic phase gives: 
 

0.002 gCsuccinate

gCmic ⋅h
×

1 mol Succinate
48gCSuccinate

×
36gCmic

1 mol C3H5.4O1.45N0.75

= 0.0015 mol Succinate
mol Biomass ⋅h

0.0015 mol Succinate
mol Biomass ⋅h

×
0.25 mol Oxygen

0.0714mol Succinate
= 0.0052 mol Oxygen

mol Biomass ⋅h

 

 
Appendix B. EXAMPLE OF CALCULATIONS OF 

BALANCED CHEMICAL EQUATIONS FOR BIOMASS 
SYNTHESIS 

 
If cellular maintenance is accomplished a microbe runs a 
metabolic reaction to synthesize biomass and produce 
denitrification products. Therefore it is necessary to 
transform the reaction that represents the metabolic pathway 
into a balanced chemical reaction using TEEM2. In all 
reactions succinate is the universal electron donor (Rd) and 
C-source, and ammonia is the universal N-source (Rc) for 
cell synthesis. The electron acceptors (Ra) used are different; 
in aerobic conditions they are O2 and NO3

- while in anaerobic 
conditions they are NO3

-, NO2
-, NO and N2O. With this and 

the Gibbs free energy for each half-reaction with an 

appropriate ε value, in the range proposed for McCarty 
(2007), the stoichiometric coefficients for a metabolic 
reaction and its individual growth yield, Yc/c, are obtained. 
For example, to establish the first step of the denitrification 
represented by Reaction 3, according to TEEM2 
methodology, we proceed as follows: 
 
(i) Write inorganic and organic half-reactions and their Gibbs 
standard free energy for electron donor and electron acceptor. 
Electron donor (succinate) half-reaction (Rd): 
   1/7 CO2 + 1/7 HCO3

- + H+ + e- → 1/14 (C4H4O4)2- + 3/7 H2O 
   ∆Gd = 29.090 kJ/eeq 
Electron acceptor (nitrate) half-reaction (Ra): 
   ½ NO3

- + H+ + e-  → ½ NO2
- + ½ H2O   

   ∆Ga = - 41.650 kJ/eeq 
 
(ii) With equation (5) write the cell synthesis half-reaction 
(Rc) where n = 3, a = 5.4, b = 1.45, c = 0.75 and d = 4n+a-
2b-3c = 12.25, and adjust ∆Gpc following the methodology: 
n− c( )
d

CO2 +
c
d
NH4

+ +
c
d
HCO3

- +H+ + e− → 1
d
CnHaObNc +

2n− b+ c
d

H2O
 (5) 

9/49 CO2 + 3/49 NH4
+ + 3/49 HCO3

- + H+ + e- →  
                                               4/49 C3H5.4O1.45N0.75 + 106/245 H2O  
∆Gpc = 20.398 kJ/eeq 
 
(iii) Degree of reduction computation for electron donor and 
cells: 

083.4
3

4
49

cells carbon
cells electrons  and  5.3

4
14

donor carbon
donor electrons

====== xd γγ  

 
(iv) Following equations (1), (2) and (3) computation of fs

o, 
fe

o and Yc/c according to McCarty (2007): 
 

   
( ) ( )

( )
857.1

009.2965.4141.0
41.0
398.20

141.0

090.30
141.0

09.290

=
−−−

+
−

+
−

=A  

   
fs

o =
1

1+1.857
= 0.35

fe
o =1.857×0.35= 0.65

Yc/c =
3.5

4.083
×0.35= 0.30 molCmic

molCsuccinate

"

#
$

%

&
'

 

 
(v) According to Rittmann & McCarty (2001), following 
equation (6) a balanced stoichiometric equation can be 
written. 

R = fe
o Ra + fs

o Rc – Rd (6) 

fe
oRa 0.3250 NO3

- + 0.65 H+ + 0.65 e-  → 0.3250 NO2
- + 0.3250 H2O 

fs
oRc 0.064 CO2 + 0.0214 NH4

+ + 0.021 HCO3
- + 0.35 H+ + 0.35 e- → 0.0286 

C3H5,4O1,45N0,75 + 0.1514 H2O 

– Rd 0.0714 (C4H4O4)2- + 0.4285 H2O → 0.1428 CO2 + 0.1428 HCO3
- + 1.00 H+ + 

1.00 e- 

R 0.0714 (C4H4O4)2- + 0.0214 NH4
+ + 0.3250 NO3

- →→  0.0286 C3H5,4O1,45N0,75 + 
0.3250 NO2

- + 0.0786 CO2 + 0.1214 HCO3
- + 0.0479 H2O 

R is the balanced chemical equation using the TEEM2 to 
determine the individual behavior-rule for biomass 
generation in the first step of the denitrification process 
represented by Reaction 3.  
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