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Abstract: In most mammalian cell culture operations, the pH is targeted to be close to neutral and the dissolved carbon dioxide 

[dCO2] concentration is desired to remain between 5 and 15% to avoid any inhibitory effects on cell growth. Typical cell culture 

scale-up approaches include maintaining constant power by volume (P/V) or a constant tip speed to set the impeller agitation rate 

or constant vvm to set the gas flow rate. However, these approaches are only focused on keeping the shear in the bioreactor 

system to a minimum and do not account for controlling the [dCO2] concentration within the desired range. Process engineers 

across industries have remediated the elevated [dCO2] concentration problem in large scale bioreactors by increasing gas flow 

rates; however, this approach is often trial and error. Therefore, in this article we review the current understanding of various 

factors that impact the dCO2 concentration during the scale up of the cell culture process to large-scale bioreactors. This article 

also describes an easy and practical approach to predict and control the dCO2 concentration in large-scale cell culture bioreactors 

using a mathematical predictive model developed based on mass-transfer first principles. We demonstrate the effective 

application and verification of the model by running a CHO cell culture process with a peak cell density of up to 20 x10
6
 

Cells/mL in a 15,000 L bioreactor working volume. 

Keywords: Bioreactor Scale Up, CO2 Control, Kla, Cell Culture CO2 Concentration, CO2 Predictive Model,  

CO2 Bubble Saturation Time 

 

1. Introduction 

Elevated CO2 concentrations have adverse impacts on cell 

health, causing changes in metabolic state, decreased cell 

productivity, and altering the glycosylation profile of 

therapeutic proteins [1]. Inhibitory effects on cell growth and 

productivity start at CO2 concentrations 15% that of 

atmospheric pressure (760 mmHg), i. e., 115 mmHg [1]. 

Therefore, in biologics production, the CO2 concentration in a 

cell culture bioreactor must be maintained below 115 mmHg. 

However, during scale up of bioreactor operations, 

maintaining the CO2 profile below this maximum limit is 

considered challenging. 

The simplest methodology that is most frequently used by 

process engineers to control CO2 concentrations is manual 

feedback control. In this method, the dissolved CO2 level in 

the cell culture liquid is measured, and if it exceeds a threshold 

value (i.e., the action limit), the overall gas flow rate is 

increased by a certain amount [2]. However, a problem in 

manual feedback CO2 control is identifying the correct 

increment for the total gas flow rate. This increment is often 

determined by trial-and-error, exposing the process to the risk 

of uncertainty. Accordingly, in the present study, we derived a 

sound mathematical model to predict and control the dissolved 

CO2 concentration in a cell culture bioreactor as function of 

KLa, pH set point, viable cell density, lactate, and the 

bicarbonate profile of the culture. The models have been 

verified in 15,000L bioreactor scale. This simplified model 

should help readers to predict and control CO2 profiles in 

manufacturing-scale bioreactors easily. Furthermore, we 

discuss the current state of understanding on factors impacting 

excessive dissolved CO2 accumulation in large-scale 

bioreactors in terms of geometrical bioreactor design and 

sparger configuration. 
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2. Impact of Excessive CO2 

Concentration to Cell Culture 

Performance 

For a typical fed-batch cell culture, CO2 is produced by 

cellular respiration as cells metabolize glucose, which plays a 

major role in energy production to support cell growth rate and 

productivity. Transport of polar and charged molecules like 

sugars and ions occurs through restrictive selective process in 

lipid bilayer membranes of the cells. However, uncharged 

molecules like CO2 can freely diffuse through the lipid bilayer 

membrane. When excessive CO2 enters the cytoplasm, it 

reacts with water to produce hydrogen ions, which changes the 

intracellular pH. This causes cells to spend energy on 

maintaining the pH rather than cell growth and protein 

expression, as shown in Figure 1. In mammalian cell culture 

operation, cells consume glucose and produce lactate during 

exponential growth phase, later when the cells approach 

stationary phase cell switch the carbon consumption source 

from glucose to lactate, this metabolic switch in carbon source 

is defined Lactate metabolic shift (LMF). This LMF is desired 

in cell culture operation as it drives the process towards high 

titer yields and better quality on the protein. However, 

elevated CO2 levels have been shown to delay or sometime 

inhibit the cells from undergoing desired lactate shift causing 

lactate accumulation in culture broth resulting in drop in pH 

leading to more base titrant addition by bioreactor’s pH 

control. Increase in base titrant addition increases the 

osmolality, leading to inhibition of cell growth, thereby poor 

productivity, and variability in glycosylation profile in the 

therapeutic protein produced [3-6]. 

 

Figure 1. Impact of excessive CO2 concentration on cell culture performance. 

3. Factors Impacting Excessive CO2 

Accumulation 

3.1. Effect of CO2 Mass Transfer Coefficient 

Early in the culture, it is necessary to sparge CO2 to 

maintain the pH. However, as the cell density increases in the 

bioreactor, accumulation of CO2 occurs due to cellular 

respiration. For a typical cell culture process, for every mole 

of oxygen consumed, one mole of CO2 is produced 

(Respiratory Quotient [RQ] = 1) [7]. Therefore, to maintain an 

optimal CO2 concentration inside a bioreactor, oxygen transfer 

and CO2 removal should be balanced. In other words, the O2 

transfer rate should be equal to the CO2 transfer rate, as 

expressed in (1). 

��� � ��� ��  �	
��
����� � ��,��� � ��	
��� 
��,���� � ��,����                     (1) 

Here, KLa is the volumetric oxygen transfer coefficient, 

CB* and CL are the molar concentrations of O2 or CO2 in the 

purged gas bubble and liquid, respectively. 

KLa is the product of KL (the film transfer coefficient) and a, 

i.e., the interfacial surface area per volume of the culture 

(m
2
/m

3
). Both CO2 and O2 experience the same interfacial 

surface area and hydrodynamic conditions inside the bioreactor, 

but KL differs for CO2 and O2, and it is proportional to the 

liquid phase diffusivity of the respective gases, as shown in (2). 

�	 � �4.�	.���.��                    (2) 

Here, DL is the diffusivity, ϑB is the bubble velocity, and db is 

the bubble diameter. The diffusion constants for O2 and CO2 at 

37°C are calculated as 3.4 × 10
−9

 and 2.9 × 10
−9

 m
2
/s, 

respectively, using Wilke and Chang’s (1955) method, as 

shown in (3) [8]. 

�	 � 1.173!10�13!#$%%.&'0.5.�
)!*+0.6              (3) 

Applying the diffusivities of CO2 and O2 in (2), the mass 

transfer coefficient ratio of CO2 to O2 (Φ) is 0.90. This is in 

alignment with previously reported Φ values for large bubbles 

under laminar flow equal to 0. 90. [9, 20]. 

Φ values below 0.90 have also been reported for micro 

spargers and at aggressively high gas flow rates using drilled 

hole spargers. The gas flow conditions for laminar flow can be 

assessed based on the bubble Reynolds number satisfying the 

condition of being less than 2000 (bubble Reynolds number is 

calculated per (8)) [10]. Reduced Φ values far below 0.90 at 

aggressive turbulent gas flow rates or while using micro 

spargers will reduce the CO2 Kla in comparison to O2 Kla and 

thereby increase excessive CO2 accumulation. For gas flow 

rates to support up to 20 × 10
6
 cells/mL in our 15,000-L 
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bioreactor operating volume with sparger configuration (28 × 

1.6 mm hole diameter), we satisfy the condition for laminar 

flow (i.e. Bubble Reynolds number < 2000). Therefore, the 

assumption of Φ = 0.90 is valid for our bioreactor operating 

conditions. Readers must carefully evaluate their sparger 

configuration and bubble Reynolds number using (18) before 

assuming Φ value of 0.90. It is also recommended to perform a 

separate Kla study specifically for CO2 when gas flow rate 

Reynolds numbers is > 2000 and does not satisfy the 

conditions for laminar gas flow. 

3.2. Effect of CO2 Bubble Saturation Time 

The changes in the concentrations of CO2 and O2 inside a 

gas bubble that is rising in a liquid column can be expressed as 

shown in (4) and (5) [12]. 

For changes in O2 concentration in a bubble: 

���2�. � +�2. �/,�2 × 0$1*12 × 
�1,�2 − �	,�2∗�      (4) 

Here, 

+�2 = 3�2. �. � 

+�2 = 3�2. �. �;  �/,�2 = 0��25 2  ;  *1 = 4
3 �613;  

$1 = 4�612 

����2�. = +�2. �/,��2 × 0$1*12 × 
�	,��2∗ − �1,��2�    (5) 

Here, 

+��2 = 3��2 . �. �;  �/,��2 = 0���25 2  

Here; KG,O2 and KG,CO2 are the overall gas phase mass 

transfer coefficients for O2 and CO2 respectively, DO2 and 

DCO2 are the diffusion coefficients for O2 and CO2, 

respectively, δ is the thickness of the bubble film (δ = 50 µm is 

a good approximation [17]), Ab is the surface area of a single 

bubble in m
2
, Vb is the volume of a single bubble in m

3
, CB 

stands for the O2 or CO2 concentration of a bulk gas-phase 

bubble expressed in mmHg, CL is the liquid phase 

concentration that is in equilibrium with the gas phase. m is 

defined as the partition constant. “m” is the function of the 

solubility of a gas. CO2 and O2 have different solubilities in a 

fluid, as given by Henry’s coefficient expressed as the amount 

of gas that is solubilized per unit volume of the liquid per unit 

pressure in mmol/L.atm. The values of Henry’s coefficient (H) 

are 25 × 10
−3

 and 1 × 10
−3

 mol/L.atm for CO2 and O2, 

respectively. Therefore, CO2 is 25 times more soluble in liquid 

than oxygen in atmospheric pressure. 

For illustration, assume a 0.5-mm-diameter air bubble is 

rising in a liquid, and the size of the bubble remains constant 

with no shrinkage throughout its lifetime. Assuming air is 

purged through the sparger at atmospheric pressure (760 mmHg) 

and the mole faction of O2 in air is 0.21, then the O2 

concentration in the sparged air bubble is 159 mmHg (0.21 × 

760 mmHg). For dissolved oxygen (DO), the set point of 40% 

is equal to 64 mmHg (0.40 × 0.21 × 760 mmHg). Then the O2 

and CO2 concentrations in the bubble at time zero are 159 and 0 

mmHg, respectively, and the liquid O2 and CO2 concentrations 

are 64 and 115 mmHg, respectively. A sample calculation for 

changes in the O2 and CO2 concentrations in the bubble using (4) 

and (5) is shown in Figure 2A and 2B. Figure 2C shows the 

change in the concentration of O2 and CO2 in the bubble, 

demonstrating that the bubble attains 95% saturation for CO2 

between 5 to 6 s. This value is in alignment with previously 

reported experimental values of between 5 and 9 s [3, 13]. 

Therefore, the driving force for CO2 drops to zero after 6 s and 

no further CO2 can be transferred into the bubble. On the other 

hand, for O2 transfer, bubble O2 concentration falls relatively 

slowly, and the bubble continues to supply O2 to the liquid as it 

rises. In comparison to O2, as the bubble attains CO2 saturation 

in a short period, it is effective for CO2 removal only for a small 

portion of its lifetime. Figure 2D shows that rate of CO2 bubble 

saturation can be decreased by increasing the bubble diameter 

to improve CO2 removal rate. 

3.3. Effect of Bioreactor Liquid Hydrostatic Pressure 

Bioreactor aspect ratio, defined as liquid height to tank 

diameter (HL/DT), is typically maintained between 1.0 to 1.5 

[14, 15]. While scaling up the operational volume of the 

bioreactor, the liquid height increases per (6) and thereby 

increases the hydrostatic pressure P per (7). Fuller et al. (1966) 

developed an empirical correlation for diffusivity coefficient 

that shows an inverse relationship to pressure, as shown in (8) 

[16], (6) to (8) shows as bioreactor height increases thereby 

total pressure increases and diffusion coefficient deceases; 

making CO2 removal from a culture more challenging. 

*� = �×��2
4 × 3	; �7
66
89:89, 3	 = 0 4×*��×1.5221/3

   (6) 

<= = 1 
.+ + ?@� × 9 × 3� × #A.BCDEF 'GHIJ KGLMG= N     (7) 

Diffusivity as a function of pressure and temperature. 

�$,� = 1.013×10−7.�1.750 1&$+ 1&�21/2
<OP$1/3+P�1/3Q2              (8) 

Figure 3 shows the increase in the liquid height and 

corresponding solubility of CO2 for different bioreactor 

volumes with an assumed aspect ratio of 1.5. 
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Figure 2. Bubble saturation time. 

 

Figure 3. Impact of bioreactor height. 
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3.4. Effect of Difference in O2 and CO2 Driving Force 

As the bubble germinates and rises through the liquid, the 

period of time from bubble generation to the bubble reaching 

the gas–liquid surface and disappearing is defined as bubble 

residence time (TB,R). During its lifetime in the liquid, a 

bubble serves two purposes for cell culture operation: 1) 

transferring O2 from the bubble into the liquid, and 2) 

removing dissolved CO2 from the liquid to the bubble. The 

rate of both O2 transfer and CO2 removal depends on driving 

force, ∆C = Cs − CT. Here, CS and CT are the starting and target 

concentrations of the gas species in the bubble. ∆C dictates the 

driving force of gas mass transfer. For O2 transfer: Assuming 

air is purged through the sparger at atmospheric, the O2 

concentration in the sparged air bubble CS,O2 is 159 mmHg 

(0.21 × 760 mmHg).% DO set point (CT,O2) of 40% is equal to 

64 mmHg (0.40 × 0.21 × 760 mmHg). The driving force for O2 

transfer is calculated to be 96 mmHg, as shown in (9) [1]. 

∆��� � 
�L,�� � �S,��� � 96 ++39       (9) 

For CO2 transfer: The driving force for the CO2 is expressed 

in (10). 

∆���� � 
�S,U�� � �VWXY=,U���             (10) 

Here, CT,CO2 is the desired maximum pCO2 limit (115 

mmHg) and CEqul,CO2 is dissolved CO2 concentration in 

equilibrium with the gas stream. To remove CO2 from the 

liquid at the same rate as the transfer of O2 to the liquid, we 

need driving force ∆CO2 equal to ∆O2. Hence equating (9) and 

(10) and solving for CEqul,CO2 will yield a value of 19 mmHg, as 

expressed in (11). 

�Z[\:],�2 � #115 � 96' ++39 � 19 ++39     (11) 

This value of 19 mmHg is only 2.5% of atmospheric 

pressure (760 mmHg). This means, as the bubble rises, when 

the CO2 concentration in the bubble reaches 19 mmHg, the 

CO2 removal rate drops below the O2 transfer rate. Therefore, 

we define 19 mmHg as the rate-limiting maximum bubble 

CO2 concentration, [CCO2,RL], and time for the bubble to reach 

the maximum rate-limiting CO2 concentration is defined as 

the bubble CO2 rate-limiting equilibrium time TB,RL. If the 

bubble residence time TBR is less than TB,RL, then the bubble is 

efficient in removing CO2 throughout its lifetime. If TBR is 

larger than TB,RL, then the bubble is efficient in CO2 removal 

equivalent to O2 transfer only until time TB,RL. Hence, larger 

fast rising bubbles with shorter residence times are more 

efficient than smaller bubbles with longer residence times [1, 

7]. 

For a typical cell culture bioreactor process, O2 KLa is 

enhanced by using micro spargers and/or a blend of pure O2 

and air to increase the driving force ∆C. Both lead to sufficient 

O2 transfer rates using low gas flow rates, which further 

enhances the accumulation of CO2 at the large scale. 

 

Figure 4. Difference in O2 and CO2 driving forces on excessive CO2 accumulation. 

3.5. Effect of Sparger Design and Gas Entrance Velocity 

As discussed before, bubble residence time plays a critical 

role in the dissolved CO2 concentration in a culture broth. The 

faster the bubble travels through the liquid column, the more 

efficient is the CO2 transfer rate. The bubble velocity is a 

function of bubble size. The bubble size and bubble velocity 

can be calculated using (12) to (17) [17, 18]. 
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/Z* � ^_
`abcdaef g                    (12) 

�h � 1.17. /Z*i.j. ��i.B. 9i.�          (13) 

 *1 � 1
36 ! 0@	�@92.9.�12

)	
                 (14) 

*� � *J ?1 > 0.73667 #k.lm'n/e
on NJ/�

       (15) 

*p � 0 p.q
rs.lm > k.lm.
rsEr_�

�.rs 2J/�       #16' 

�1 � 1 t � 1
*22 > 1

*32                (17) 

u�Xhh=D,vD � la.wVo.r
x           #18' 

Figure 5 shows the bubble rise velocity as a function of 

bubble diameter. Bubbles with sizes less than 0.1 mm (or 100 

µm), called microbubbles, have low rising velocities. Here, 

the bubble movement is dominated by liquid surface tension 

leading to reduced bubble rising velocity, causing longer 

bubble residency time in the bioreactor and poor CO2 removal 

from the cell culture. Smaller bubbles give higher mass 

transfer areas, but also have slow rising velocities and reduced 

CO2 driving force. Therefore, the optimum operating 

conditions for effective CO2 removal is a sparger flow rate that 

maintains the ratio of bubble residence time to bubble 

saturation time ≥ 1.0. 

 

Figure 5. Bubble diameter vs. bubble rise velocity. 

4. CO2 Predictive Model Assumptions 

and Limitations 

4.1. Assumptions 

1. The rate of mass transfer is much faster than the O2 

uptake rate and CO2 evolution rate of cells. Therefore, 

the mass balance governing equations; O2 transfer rate 

equals O2 uptake rate, and CO2 transfer rate equals CO2 

evolution rate. 

2. The bioreactor mass transfer system is assumed to be at 

a pseudo-steady state. This means over the very short 

period of bubble residence time in the bioreactor, the O2 

and CO2 concentration in the liquid is not changing 

while the CO2 concentration in bubbles is dynamic and 

changing continuously. 

3. The cell culture performance attributes, like viable cell 

density, oxygen uptake rate, lactate profile, and 

bicarbonate profile, are known from previous at-scale or 

small-scale runs. 

4. This model also assumes the biological metabolite 

consumption and production rate of cells is conserved 

across different scales of bioreactor operation and from 

batch to batch. 

5. The sparge rate is sufficiently low to prevent bubble 

coalescence. 

6. As the bubbles rise through the liquid, the drop in O2 

mole fraction from the bubbles is compensated by 

increase in CO2 mole fraction in the bubbles. 

4.2. Limitations 

1. This model can only be used when the bioreactor mass 

transfer co-efficient (Kla) is characterized. 

2. The model assumes that the Kla from surface gas–liquid 

interface is small and insignificant compared to the mass 

transfer from sparging gas bubbles, and is therefore 

applicable only for large manufacturing-scale 

bioreactors. 

3. The assumption that CO2 KLa = 0.90 times O2 KLa is 
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applicable only for bubbles generated under laminar 

conditions using drilled hole spargers and does not 

apply to bubbles generated using micro spargers or 

when gas flow rates using drilled hole spargers are 

operated under turbulent conditions. 

4. This model only accounts for major metabolites like 

CO2, lactate, and bicarbonate for pH control that are 

most frequently measured in cell culture process. 

Therefore, it does not include other organic acids or base 

components produced by cells during fermentation. 

 

Figure 6. CO2 Mass balance for the gas transfer in bioreactor system. 

4.3. CO2 Predictive Model Development 

As shown in Figure 6A, the CO2 transfer rate from the 

liquid to sparged gas bubbles can be expressed as shown in 

(19). Here C,b,CO2 represents the CO2 concentration in the 

bubble (mmol/L), Cl,CO2 represents the liquid dissolved CO2 

concentration (mmol/L), and KLaCO2 represents the CO2 mass 

transfer coefficient (1/h). The suffix (ln) indicates logarithmic 

mean for driving force. In large-scale bioreactors, because of 

the gradient of increasing hydrostatic pressure from the 

surface of the liquid to the bottom of the vessel, the 

composition of a gas phase bubble is dynamic. Accordingly, 

the driving force is expressed as logarithmic mean driving 

force [11]. 

���� . * � �	
Mz�. *. 
�=,Mz� � �h,Mz� �=`      (19) 

The logarithmic mean gas bubble CO2 concentration can be 

expressed as the function of bubble CO2 concentration 

entering and leaving the culture liquid in the bioreactor, as 

shown in (20) [11]. Here, the suffixes b,in,CO2 and b,out,CO2 

indicate CO2 concentration in bubble going into the liquid and 

exiting the liquid, respectively. 


�=,Mz� � �h,Mz� �=` �  
�m,{|,}~eE�m,~��,}~e�
=`� ��,}~e��m,{|,}~e��,}~e��m,~��,}~e�        (20) 

Substituting (20) in (19) gives (21): 

���� . * � �	
h,Mz� �
�m,{|,}~eE�m,~��,}~e�
=`� ��,}~e��m,{|,}~e��,}~e��m,~��,}~e� � . *    (21) 

The dissolved CO2 concentration in equilibrium with the 

gas stream in (21) can be expressed as a function of Henry’s 

constant, system pressure, and mole fraction of CO2, 

(Concentration, C = P.H.X) by applying Henry's law, as 

shown in (22) [11]. Here, Pl is pressure (atm), H is the henry 

coefficient (mol/L.atm), and X is the mole fraction of gas. 

Suffixes b,in,CO2 and b,out,CO2 represent CO2 concentration in a 

bubble going into the liquid and exiting the liquid, 

respectively. 

���� . * � �	
h,Mz�. * �
�m,~��,}~e.��,}~e.�}~eE�m,{|,}~e.��,}~e.�}~e�
=`� ��,}~e��m,{|,}~e��,}~e��m,~��,}~e� �                        (22) 

As shown in Figure 6B, the moles of CO2 transferred from 

the sparge stream can also be determined from the difference 

of the molar CO2 flow rate in the entering and leaving bubbles. 

If we assume that the gas hold-up volume is constant, then the 
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CO2 transfer rate from the sparger can be expressed as shown 

in (23). Here Pstd is the standard pressure (Atm), Qspr 

represents sparger flow rate, R is the relative gas constant, and 

T is the temperature in K. 

����. * =  <%.�.���6�.� 
�1,�\.,��2 − �1,:8,��2�     (23) 

Now equating (22) and (23), will yield (24) 

�	
h,Mz�. * �
�m,~��,}~eE�m,{|,}~e�K�.�}~e=`� ��,}~e��m,{|,}~e��,}~e��m,~��,}~e� � =  ���d.^���v.S #�h,zXH,Mz� − �h,Y`,Mz� '             #24' 

Simplification of (24) will yield (25). 

]8 � ��,}~eE�m,{|,}~e��,}~eE�m,~��,}~e� =  ��Gm,}~e.o.v.S.��.��~e���d.^���        (25) 

For simplification in further calculation, the right-hand side of 

(25) is termed as a constant named ACO2, as this term has no 

unit all together. 

��Gm,}~e.o.v.S.��.��~e���d.^��� = $Mz�          #26' 
Substituting (25) in (26) 

0 �],��2−�1,:8,��2�],��2−�1,�\.,��22 = Z�� #$��2'         (27) 

Re-arranging the numerator and denominator in (27), the 

right-hand side of the (27) Exp (ACO2) takes a negative sign as 

shown in (28). 

0�],��2−�1,�\.,��2�],��2−�1,:8,��2 2 = Z�� #−$��2'         (28) 

Expressing dissolved CO2 concentration in equilibrium with 

the gas stream in (28), as a function of Henry’s constant, 

system pressure and mole fraction of CO2, (Concentration, C= 

P. H. X) by the Applying Henry's law will yield (29). [6, 8]. 

0�],��2−�1,�\.,��2.<].3��2�],��2−�1,:8,��2.<].3��2 2 = Z�� #−$��2'      (29) 

Rearranging (29) and solving for concentration of CO2 in 

bubble exiting the liquid is given by (30): 

�h,zXH,�z�. <= . 3�z� =  �=,Mz�
1 − Z��#−$Mz�'� + �h,Y`,�z�. <= . 3�z� . Z��#−$Mz�'             #30' 
Now substituting (26) and (30) in (22) and solving for 

dissolved Cl,CO2 will yield (31) to predict the liquid dissolved 

CO2 concentration. Refer to Appendix A for details of 

algebraic mathematical simplification. 

�],��2 = ����.$��2+�	
1,��2.�1,:8,��2.<].3��2.#1−Z��#−$��2''
�	
1,��2#1−Z��#−$��2''    (31) 

Often In cell culture bioreactor operation, liquid dissolved 

CO2 is measured as partial pressure of CO2 (pCO2) in 

millimetre mercury (mmHg). The CO2 concentration 

calculated using Equation 32 is converted to pCO2 in mmHg 

using the ideal gas law (P × V = n × R × T). Rearranging the 

ideal gas expression will yield dissolved pCO2 as follows: 

Here, T is temperature expressed in Kelvin. 

���2 = �],��2 × � × �             (32) 

In (31), there are two unknown terms: CO2 transfer rate 

(CTR) and mole fraction of CO2 (Xb, inCO2). CO2 transfer rate 

can be calculated from CO2 evolution rate (CER), which in 

turn is dependent on oxygen uptake rate (OUR) of the cells 

and respiratory quotient (RQ). CER is calculated as shown in 

(33). Here RQ is defined as the moles of CO2 released for 

every mole of O2 consumed. Hu (2020) reported a RQ value of 

1.0 for mammalian cells [7]. 

��� = �Z� = ��. ���            (33) 

Mole Fraction of CO2 (Xb, in CO2) from Medium Chemistry 

Typical cell culture media buffering is achieved using a 

CO2-bicarbonate based buffer. The pH of the medium is 

dependent on the fine balance of dissolved carbon dioxide 

(CO2) and bicarbonate (HCO3
–
). Often, cell culture carbonate 

buffered media is operated around neutral pH. CO2 reacts with 

water to form carbonic acid, as shown in (34) [19]. 

��2 + 32� ↔ �3��3−� + �3+�         (34) 

Assuming the amount of dissolved CO2 in the culture 

medium is equal to the amount of CO2 in gas phase at 

equilibrium and applying the Henderson–Hasselbalch 

principle, the cell culture medium buffer can be expressed as 

shown in (35) [19]. 

�3 = ��
 + ����p����e�               (35) 

In mammalian cell culture fermentation, one other 

metabolite lactate plays a critical role in medium buffer 

chemistry. Lactate is a predominant metabolite produced by 

cells that brings the pH into the acidic range in bioreactor 

environments. Lactate has an equilibrium constant pKa of 

5.5. Because a typical cell culture is maintained around 

neutral pH 7.0, one mole of lactate produced by cells will 

demand one mole of base titrant for neutralization. Due to 

this neutralization, the culture broth now displaces the acidic 

component of the buffer in the form of CO2 gas. So, the 

effective concentration of base in the culture will be [HCO3] 

− [Lactate] [19]. Based on this reaction in the culture, we can 

now introduce lactate into the Henderson–Hasselbalch 

equation, and Equation (35) can be rewritten as shown in 

(36). 
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�3 � ��
 > ����p�E��GMHGHD����e�             (36) 

Gramer et al. (2007) showed an empirical relationship 

between pH, CO2, lactate, and bicarbonate concentration, as 

shown in (37), and verified the application of the model in (37) 

using actual cell culture runs [19]. 

�	
�� � �3��3� � 0.88. ���2%�0.79. 10#�3�6.38'
   (37) 

Here, lactate and bicarbonate concentrations are expressed 

in mmol/L, CO2 concentration is expressed in %. 

Based on the correlation expression shown in (37), a contour 

plot was created showing the lactate concentration in g/L as a 

function of pCO2 in (%) and bicarbonate concentration in mMol 

for four different pH values ranging from 6.90 to 7.05 typically 

used for cell culture, as shown in Figure 7. The mole fraction of 

CO2 in the gas purge can be calculated based on the cell culture 

lactate and bicarbonate concentrations. In some cell culture 

platform process, post inoculation rather than calling CO2 under 

pH control, CO2 is sparged between 5 to 10% for a specific 

short period of time between 24 to 48 hours to ensure specific 

amount of CO2 is maintained in the culture, in such instances 

mole fraction sparged CO2 gas is substituted for the value of 

Xb,in,CO2 instead of using Figure 7. 

 

 

Figure 7. Correlation between pH, pCO2, lactate, and bicarbonate to determine the mole fraction of CO2 (Xb, inCO2). 

5. At Scale Model Verification and 

Successful Implication of Predictive 

Model 

We ran a high cell density CHO cell culture process up to 20 

× 10
6
 cell/mL peak cell density in 15,000L bioreactor working 

volume. The pCO2 concentration was measured using Nova 

Flex 2 metabolite analyzer. Twenty-three actual measured 

pCO2 values are plotted against the predicted values as shown 

in Figure 8A, linear regression of predicted over measured 

CO2 values gave an R
2
 = 0.87 demonstrates, that the predictive 

expression is reliable. Additionally, the p-value less than 0.001 

demonstrates the measure of strength of association between 

the predicted and actual values is statistically significant. 

Figure 8B shows Density Ellipse fit. The density ellipse shows 

the degree of correlation between the predictive and 
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explanatory variable using correlation coefficient and its p 

value. The correlation coefficient shown in Figure 8C is the 

Pearson correlation coefficient (r) and it is the most common 

way of measuring a linear correlation. It is a number ranging 

between –1 and 1 that measures the strength and direction of 

the linear relationship between two variables. r = 0.93 

demonstrates, that there is a linear relationship between 

predicted and actual pCO2 values is strong and p value of 

<0.0001 for regression coefficient “r” signifies that the linear 

relationship is statistically significant. Figure 8C shows the 

residual plot at different measured actual CO2 concentration. 

Figure 8C, demonstrates for 19 out of 23 data points the 

absolute difference between the measured and predicted CO2 

values are within ± 10 mmHg which is the expected range for 

QC level-1 standard check with the mean pCO2 value of 70 

mmHg for NovaFlex2 metabolite analyzer. Furthermore, as 

the measurement range increases, the acceptable expected 

range also increases that explains the higher residual values at 

measured pCO2 above 100 mmHg. NovaFlex2 analyzer used 

for this study does not have any QC standard checks above 70 

mmHg. 

 
Figure 8. pCO2 predictive model validation. 

6. Sample Design Space for Bioreactor 

Operation to Control pCO2 

A contour plot was drawn to predict the dissolved CO2 

concentration using (31) with sparger total gas flow rate and 

viable cell density as explanatory variables, as shown in 

Figure 9. The assumptions for the parameters in the predictive 

model are summarized in Table 1, based on the values 

reported by Hu (2022), to represent typical production 

bioreactor operating conditions [1, 7]. 

Additionally, Equation (31) demands two more input values, 

that is CO2 mole fraction and Kla. For CO2 mole fraction, 

Figure 7 is used with the assumptions in Box 1; A CO2 mole 

fraction of 5% is calculated. 4 to 7% is a good approximation 

to cover a wide range of cell culture operation. For KLa value, 

a predictive expression created by experimental studies is used, 

as reported in our previous published article Muralidharan et 

al. (2024) [17]. Based on the above assumptions, a contour 

profile was created showing pCO2 profile as a function of gas 

flow rate and viable cell density, as shown in Figure 9. 

Table 1. pCO2 Predictive Model Assumptions. 

Henry Coefficient H = 25 mmol/L. Atm 

Temperature 37°C 
pH set point = 7.00 

Bicarbonate concentration = 35 mmol/L 

Lactate concentration = 4.0 g/L. 
Bioreactor Volume = 15,000 L 

Impeller Agitation Rate = 30 RPM 
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Figure 9. pCO2, design space for bioreactor operating conditions. 

7. Conclusions 

This article summarizes the impact of excessive CO2 

accumulation in cell culture operation, considering factors in 

scaling up that cause the CO2 accumulation. A predictive 

model to predict and control CO2 accumulation in large 

manufacturing-scale bioreactors is presented. Readers are 

encouraged to carefully weigh the limitations of this model to 

assess its suitability before applying it to their systems. As 

shown in Figure 8, there is an offset between the predicted to 

actual pCO2 value. This could be due to variability of 

measurement instrument and the limitations of the 

assumptions in the model. However, the application of this 

model is to estimate the increment in total gas flow rate 

required to control excessive CO2 accumulation. 

Abbreviations 

Ass: Association factor for the solvent (-). 2.6 for water. 

C: Molar concentrations of gas in purged gas or liquid. 

(mmol/L or mmHg). 

CTR: Corbon dioxide Transfer Rate (mmol/L.hr) 

dB: Bubble diameter (m) 

do: Sparger hole / orifice diameter (m) 

D: Diffusion Coefficient (m
2
/s) 

DT: Diameter of the tank (m) 

g: Specific gravity 9.8 (m/s
2
) 

GEV: Gas entrance velocity (m/s) 

HL: Liquid height in the tank (m) 

HO2 and HCO2: Henry’s coefficient (H) is 25 × 10
−3

 and 1.07 

× 10
−3

 mol/L.atm for CO2 and O2, respectively. 

KL: Film transfer coefficient (m/s) 

KLa: Overall mass transfer coefficient for O2 and CO2 

(1/hr). 

M, MA and MB: Molecular weights of the solute and solvent 

in g/mol (MCO2 = 44, MO2 = 32, MH2O = 18). 

mO2 and mCO2: Partition coefficient is 0.64 and 0.03 (-) for 

CO2 and O2, respectively. 

OTR: Oxygen Transfer Rate (mmol/L.hr) 

Pl: Total pressure in the system (Atm) 

Qg: Volumetric sparger gas flow rate (m
3
/s) 

R: Relative gas constant, 8.21E-5 L/Atm/mmol.K 

rb: Bubble radius (m) 

T: Temperature (K) 

Vm: Molecular volume of the solute at its boiling point = 

0.034 and 0.025 m
3
/Kmol for CO2 and O2, respectively. 

VT: Volume of the tank (m
3
) 

νA and νB: Diffusion volume coefficients of the solute and 

solvent (νCO2 = 26.9, νO2 = 16.6, νH2O = 10.73). 

ρL and ρg: Dynamic density of the liquid and gas, 

respectively (Kg/m
3
) 
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σ: Surface tension of the solution 

µ or µL: Viscosity of the solution (0.66 mNs/m
2
 for cell 

culture medium is good approximation) 
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Appendix 

Appendix A1. Algebraic mathematical simplification from Equation 30 to Equation 31. 

Step-1 ���S. = �	
h,Mz�. 0
��,}~e
JEV�K#E�}~e'���m,{|,�~e.��.��~e.V�K#E�}~e'E�m,{|,}~e.��.��~e��}~e 2  

Step-2 ���S. = �	
h,Mz�. b0��,}~e
JEV�K#E�}~e'���m,{|,�~e.��.��~e.#V�K#E�}~e'EJ'2�}~e g  

Step-3 ���S. = �	
h,Mz�. 0
��,}~e
JEV�K#E�}~e'�E�m,{|,}~e.��.��~e.#JEV�K#E�}~e''��}~e 2  

Step-4 ���S = �	
h,Mz� 0
��,}~e
JEV�K#E�}~e'�E�m,{|,}~e.��.��~e.#JEV�K#E�}~e''��}~e 2  

Step-5 ���S. $Mz� = �	
h,Mz� 0
�=,Mz�
1 − Z��#−$Mz�'� − �h,Y`,Mz�. <= . 3�z�. #1 − Z��#−$Mz�''�2  

Step-6 ���S. $Mz� = 0�	
h,Mz�. �=,Mz�
1 − Z��#−$Mz�'� − 
�	
h,Mz�. �h,Y`,Mz�. <= . 3�z�. #1 − Z��#−$Mz�''�2  

Step-7 ���S. $Mz� + �	
h,Mz�. �h,Y`,Mz�. <= . 3�z�. #1 − Z��#−$Mz�'' = 0�	
h,Mz�. �=,Mz�
1 − Z��#−$Mz�'�2  

Step-8 ���S. $Mz� + �	
h,Mz�. �h,Y`,Mz�. <= . 3�z�. #1 − Z��#−$Mz�'' = �	
h,Mz�. �=,Mz� − �	
h,Mz�. �=,Mz�. Z��#−$Mz�'  

Step-9 ���S. $Mz� + �	
h,Mz�. �h,Y`,Mz�. <= . 3�z�. #1 − Z��#−$Mz�'' = �=,Mz�#�	
h,Mz�. −�	
h,Mz�. Z��#−$Mz�'  

Step-10 
�Sv�.�}~e���Gm,}~e.�m,{|,}~e.��.��~e.#JEV�K#E�}~e''#��Gm,}~e.E��Gm,}~e.V�K#E�}~e' = �=,Mz�  

Step-11 �=,Mz� = �Sv�.�}~e���Gm,}~e.�m,{|,}~e.��.��~e.#JEV�K#E�}~e''��Gm,}~e#JEV�K#E�}~e'   
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