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Bacterial biofilms are ubiquitous in wastewater systems on earth and in spacecraft, such 
as in the International Space Station (ISS) wastewater processing assembly (WPA), where 
they cause problems in the tank, solenoid valves, and pipelines. Downstream filter 
applications, tank cycling, and regular biocide water flushing have been used to control 
biofilm accumulation on board the ISS. Biofilm control is expected to be a challenge for long-
term missions with a dormancy period of up to a year, as stagnant water systems are highly 
susceptible to biofilm growth. Flushing of the system with biocidal water has been proposed 
to avoid biomass problems for long-term missions. To validate the proposed flush method, a 
mathematical model, based on the metabolism maintenance rate of bacteria, is being 
developed to understand the current biofilm accumulation rate in the ISS WPA system and to 
calculate the biomass production rate under dormancy-like conditions. This method of 
quantification of biofilm can be applied as a function of nutrient inputs to guide the selection 
and optimization of biofilm mitigation approaches. The method can also be helpful in 
understanding, defining, quantifying, visualizing, and simulating the state of the water 
processing system during operation and after dormancy. 

Nomenclature 
ATP = Adenosine triphosphate 
CFU = Colony-forming unit 
C-mol = Carbon-mole 
DNA = Deoxyribonucleic Acid 
E.coli = Escherichia coli 
ISS = International Space Station 
PHB = Poly-β- hydroxybutyrate 
ppm = parts per million 
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RNA = Ribonucleic Acid 
t = time (hours) 
TOC = Total Organic Carbon 
UPA = Urine Processing Assembly 
WPA = Water Processing Assembly 
X = Substrate (bacterial food source) (ppm) 
Y = Biomass (ppm) 
 

I. Introduction 
ICROBIAL growth can cause problems in water distribution systems due to the ability of bacteria to form 
biofilm, a gel-like biomass that can block flow, contaminate potable water, and damage equipment.1,2 Current 

biofilm mitigation techniques are focused on disinfecting chemicals, antibacterial coatings, physical removal or 
multifunctional applications.3,4 Regardless of the technique, growth is expected to reoccur since sterilization is 
difficult to achieve and impossible to maintain while the food source remains available. In spacecraft environments, 
such as that of the International Space Station (ISS), maintenance of water systems requires valuable crew time and 
supplies from Earth. As mission duration is extended, the reliability of the water processing system becomes even 
more critical for regular operation and during dormancy.  
 Understanding biofilm growth in relevant environments is essential for successful biofilm mitigation.  
Quantitative, or semi-quantitative, relationships between environmental factors such as nutrients, temperature, pH, as 
well as  growth inhibitors, and bacterial growth can provide valuable insights on the biofilm growth patterns within 
the system that can guide the selection and optimization of biofilm mitigation approaches. A mathematical model 
based on these relationships can also help in visualizing the state of water processing systems during operation and 
dormancy.  
 A detailed description of the ISS water processing assembly (WPA) can be found elsewhere.5 This work is focused 
on the wastewater tank which collects the distillate from the urine processing assembly (UPA) and the condensate 
water streams prior to further filtration downstream (Figure 1). It is recognized as the source of biofilm problems in 
adjacent locations, such as in small clearance valves. This paper reports the initial effort in the development of two 
adaptable models to aid the understanding of bacterial growth in the ISS WPA wastewater tank, as a closed system 
under dormancy and as an open system under normal operating conditions.   

II. Energy Requirements and Growth Phases of Bacteria 
In order to establish the correlation between the nutrient input and the bacterial growth, it is necessary to identify 

the bacterial energy requirement for growth (production of new cell material) and maintenance (maintaining the cells).  
The concepts of growth and maintenance energy requirements are not new (Duclaux 1898).6  While the energy 
requirement for growth has been measured with striking agreement,7 the quantification of microbial maintenance 
remains challenging. 8,9  This is, at least in part, due to the inherently complex and dynamic nature of microbiological 
processes. Recent studies of long-term survival of bacteria during the stationary phase have further revealed adaptive 

M 

Figure 1. Schematic of the WPA wastewater tank based on reference 5. The tank 
holds the effluent of the UPA and condensate systems prior to further filtration. 
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metabolic changes, including smaller resistant cells and dormancy states, among other regulated starvation-survival 
responses.10,11,12  

Maintenance energy is relatively small compared to the growth energy requirement, which presented a challenge 
for experimental quantification until Wallace developed an arithmetic-type continuous culture setup for this purpose.13 
The maintenance energy value used in this study is an average of several experimental data compiled by Tijhuis et 
al.,14 who collected various maintenance energy measurements using arithmetic continuous culture methods for 
different bacteria, substrates (food sources), and temperature range. It is worth noting that the maintenance energy 
values in the Tijhuis14 study were measured in a continuous culture, where bacterial growth stopped but nutrients were 
still available for maintenance. In other words, the energy level was for maintaining healthy non-growing bacteria, 
not at the starvation-survival level. 

For a batch process or a closed system, as the concentration of 
substrate changes in the environment, bacteria adapt their energy 
requirement in response, leading to the different growth phases. 
The main phases include: the lag, log growth, stationary, and 
decline (Figure 2).15  

In the lag phase, cells adjust their metabolic processes to 
optimize uptake and processing of the newly introduced substrate 
through changes in gene expression.16 This helps them prepare (as 
well as begin) to grow. Time in the lag phase can vary17 and is 
contingent on previous environment, the species and state of 
bacteria, and conditions in the new medium.18 

The log phase leads to exponential growth of bacterial cells. In 
this stage, the bacteria take up the substrates and energy source to 
convert into energy and necessary precursors for biosynthesis of 
the cell components such as protein, DNA, RNA, phospholipids, lipopolysaccharides, peptidoglycans, and glycogen.19 
The growth of cells is directly and markedly affected by the environment in both growth rate and in cell composition. 
The reviews by Wanner and Egli18,20 provide summaries on the effect of nutrients on microbial growth and physiology.  

Eventually, cell growth decreases as the limiting substrate is being exhausted. If the limiting substrate is not the 
energy source, the maintenance requirement can be met for a constant total biomass (while the supplies last), leading 
to the stationary phase.15 The depletion of the energy sources leads to the onset of the decline phase when cell viability 
rate decreases.21 The overall trend of decline continues until a very small population develops dormancy responses 
(ultramicrocell, endospore, or spore formation).21,22,23 

III. Model Bacteria and Substrate 
During development of the model, the bacteria Escherichia coli (E.coli) was chosen as the representative example 

due to the availability of data for its energy requirements and to set a doubling rate for modeling calculations.14 In 
consideration of the WPA wastewater tank, five other bacteria (the “Fab Five”) have been determined to be 
representative of the community of the ISS wastewater.24,25 The “Fab Five” include: Cupriavidus metallidurans, 
Burkholderia cepacia, Methylobacterium fujisawaense, Pseudomonas aeruginosa, and Sphingomonas paucimobilis. 
Their growth characteristics were not as readily available but could be considered for improved accuracy of growth 
rate and energy requirement in future models. However, the overall trends in growth are expected to remain.  

Carbon sources provide energy through metabolic processes in the form of adenosine triphosphate (ATP) 
formation, as well as building blocks for biosynthesis.26 Glucose, a preferred carbon source for bacteria, is used as the 
model carbon source in the current models. E. coli has an efficiency of 36 ATP molecules per 1 glucose molecule in 
aerobic respiration, which was used in the calculation of growth energy cost.19  However, the model can easily be 
adapted to other values (or substrates with known ATP yields) based on more realistic metabolism efficiency analysis 
in the future.  

IV. ISS WPA Considerations: Limiting Nutrients 
Initial studies of the wastewater composition were focused on total organic carbon (TOC) as the limiting factor for 

growth. When other major elements were considered (N, O, H, P, S, K, Mg, Fe)19,20,27 to compare the elemental 
composition of the cell with that of the ISS WPA system water, it was found that carbon was not the lowest available 
nutrient. The breakdown of the elements present in the ISS WPA water system was based on information about the 
condensate water, which is one of the two streams of water that enters the wastewater tank, from ISS expeditions 2-

Figure 2. Typical growth curve of bacteria 
grown as batch cultures in a closed system.15  
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59. The other half of the water comes from the UPA28 but comparison of available information shows that of the two 
water influent streams, the condensate provides most of the nutrients to microbes in the WPA tank. 

When comparing the element composition in the average cell to that of the condensate, it was found that iron and 
phosphorus had the lowest values (Table 1).20 Even though iron had a lower concentration, its status as a trace element 
indicates that the cell does not require as much of it as it would of the more crucial element, phosphorus. Oxygen 
appears to limit the biomass yield more than iron and the condensate composition value was based on its solubility in 
water.27 Further study on the oxygen availability in the WPA system will be conducted and adapted in future modeling 
efforts.  

At the lowest limit of the dry weight range, 1.2% phosphorus and 0.01% of iron were present in the bacterial 
composition. However the range of limits for each element provided in the review by Egli,20 were from different media 
conditions of batch growth. For instance, 1.2% was the lower limit of the phosphorus range, determined from cells 
grown in phosphorous-limited media.20 Based on the table, the max yield factor can be calculated from the lower limit 
percentage of the dry weight range for each element. The element which supports the least amount of biomass is the 
limiting nutrient.  

  
Table 1. Comparison of compositional data and condensate for determination of limiting nutrients. Data in 
columns 2-5 was obtained from reference 20 for growth under various conditions, while condensate 
composition was obtained from ISS condensate data in ISS expeditions 2-59.   

 

A. Closed System Tank Description 
The closed system consists of the 55 L tank in the WPA system which stores wastewater from the UPA and the 

condensate system. In consideration of dormancy, the model influent composition was provided by information from 
the condensate wastewater. Dormancy was defined as having the tank at room temperature and closed off with influent 
and an initial inoculation of bacteria but no further input or output. The bellows would also not be cycled, allowing 
biofilm formation without disturbance until restarting the system after dormancy. 

B. Open System Tank Description 
In the open system, the tank goes through a process of cycling about every 2 days. Cycling occurs when the bellows 

are extended to push the water downstream. However, the process requires the tank to be filled to a higher capacity 
before the bellows can drive the water downstream. As this occurs, the bellows are close enough to the walls of the 
tank to scrape, releasing some of the biomass and mixing it with the water flow. However, the process does not push 
all the wastewater out. At the end of a cycle, a small amount is left in the tank as it refills. For the model presented in 
section V, the influent is considered as a steady influx with no further biomass addition and the tank at room 
temperature, but future iterations will be adapted to more realistically encompass the cycling process. 

V. Models of the System  
The most direct relationship between biomass and substrate is through the mass balance. The nutrients therefore 

can act as limiting factors in how much a bacterial cell grows and creates further biomass. To capture this relationship 
for scenarios on the ISS, a closed system (for dormancy-like conditions) and an open system, with a steady state of 
influent, were considered. Phosphorus was used as the starting limiting nutrient for biofilm growth under both 
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scenarios (P0). The substrate metabolism rate was calculated using glucose (X) as the food source. Future adaptations 
of the models provided could include research values of metabolic activity of other bacteria or alteration of the 
substrate introduced. The value of the models presented is in their flexibility of adaptation to new scenario 
considerations. Details of how each formula in the following system models was arrived at are given in the appendix.  

A. Closed System 
In the closed system, several parameters were defined for calculation. For instance, bacterial growth was assumed 

to occur at full speed, with an average of 30 minutes per generation (as per E.coli growth).19 Decline of cell viability 
was not considered to occur until after the maximum growth was reached, though this could be an area of future 
modification. Because the bacteria would initially be in an environment of more than enough food, they would 
experience exponential growth until the time (𝑡𝑡𝑚𝑚1) when the limiting substrate was fully consumed. During this 
exponential growth phase, their metabolism would be at a rate equal to the growth rate (𝑚𝑚𝐺𝐺). This value was 
calculated, as shown in the appendix, section A.2, to be 1.71·10-1 C-mol of substrate per C-mol of biomass, where C-
mol is the amount of matter that contains one mole of carbon. In the following equations this value will be listed as 
1.17 (1.71·10-1+1) to account for the carbon used as building material for each new cell. Therefore, the loss of carbon 
substrate in relation to biomass will take into account both the metabolism for maintenance as well as growth. Starting 
carbon amount (X0) was set as 50 ppm of carbon and starting microbial amount (Y0) was set as 0.01 ppm of carbon 
(determined from an initial inoculation of 1·104 CFU/mL). tm1 and tm2 are the times at which the phosphorous and 
carbon are fully consumed respectively. X represents the substrate (bacterial food source). 

When 0 < 𝑡𝑡 < 𝑡𝑡𝑚𝑚1:  (using E.coli with a doubling time of 30 minutes, Y0 doubles twice every hour) 

 𝑌𝑌 = 𝑌𝑌0 × 22𝑡𝑡  (1) 

 X=X0 - 1.17[Y0(22t-1)] (2) 

Because growth would be limited by the phosphorous amount in the substrate (P0), once the phosphorous is fully 
consumed at 𝑡𝑡 = 𝑡𝑡𝑚𝑚1, growth would stop at the max biomass value (𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚). After this, regardless of bacterial ability 
to form more metabolically efficient generations, the lack of new substrate will limit the population to Ymax. This 
maximum population would then continue to consume the remaining carbon in the substrate for maintenance until the 
time (𝑡𝑡𝑚𝑚2) at which all carbon in the substrate is gone. The maintenance energy rate (𝑚𝑚𝐸𝐸) used is 0.013 C-mol substrate 
per C-mol biomass per hour, as calculated from average values in the Tijhuis study.14 Since phosphorus is the limiting 
nutrient, at 𝑃𝑃0 = 0.16 ppm, the maximum biomass possible would be 6.7 ppm of carbon (see calculation in the 
appendix, section B).  

When 𝑡𝑡𝑚𝑚1 < 𝑡𝑡 < 𝑡𝑡𝑚𝑚2:   

 𝑋𝑋 = 𝑋𝑋𝑚𝑚1 − 0.013𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡 − 𝑡𝑡𝑚𝑚1) (5) 

 𝑌𝑌 = 𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚 = 6.7𝑝𝑝𝑝𝑝𝑚𝑚 (6) 

Finally, when 𝑡𝑡 ≥ 𝑡𝑡𝑚𝑚2, carbon in the substrate has been completely depleted: 

 𝑋𝑋 = 0 (7) 

 𝑌𝑌 = 𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒−0.013(𝑡𝑡−𝑡𝑡𝑚𝑚2) (8) 
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With all substrate gone (X=0), there could be an initial decline in viable bacterial population by about 99%.29 Such 
a loss of viability in bacterial cells is not synonymous with bacterial cell death. The bacteria adapt to the substrate 
concentration changes to support only the most basic of metabolic necessities in a state of starvation and transition 
most of the population into a dormant state until better nutrient conditions are available.21 However, such behavior 
was not included in this version of the model (Figure 3).     

B. Open System 
The open system environment (Figure 4) is defined as having steady influent input with the assumption that, once 

the maximum population (𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚) is reached, the effluent is purely water without TOC. In other words, all of the carbon 
provided by the TOC is considered utilized by the bacteria present. All bacteria are also assumed to stay within the 
biomass.  

The influent rate was calculated from data provided on the cycling of the wastewater tank over 30 days and the 
starting inoculation of 0.01 ppm of biomass (determined from an initial inoculation of 1·104 CFU/mL). Bacterial 
behavior in the open system can then be considered in distinct phases. The first growth phase from 0 < 𝑡𝑡 < 𝑡𝑡𝑚𝑚1 is 
identical to that of the closed system. However the difference lies in that, where the closed system is limited by the 
substrate reaching zero at 𝑡𝑡𝑚𝑚1, the open system growth will continue on at rates limited by the influx of nutrients in 
the condensate.  

When 0 < 𝑡𝑡 < 𝑡𝑡𝑚𝑚1: 

 𝑌𝑌 = 𝑌𝑌0 × 22𝑡𝑡   (1) 

 X=X0 - 1.17[Y0(22t-1)] (2) 

Once 𝑡𝑡 = 𝑡𝑡𝑚𝑚1, the bacteria used all of the phosphorous in the tank and have reached 𝑌𝑌𝑚𝑚1 , or 6.7 ppm C of biomass. 
At this point, the growth rate was limited by the continuous influent of P at 0.16 ppm. Assuming that all influent P is 
used for growth, the P-limited growth rate is 0.10 ppm C as biomass per hour (see appendix for calculation). P-limited 
growth would continue until a time (𝑡𝑡𝑚𝑚2) when the biomass has grown to an amount (𝑌𝑌𝑚𝑚2) where the maintenance 
energy requirements are too high to continue growing at the P-limited rate and growth switches over to a new C-
limited rate.  

When 𝑡𝑡𝑚𝑚1 < 𝑡𝑡 < 𝑡𝑡𝑚𝑚2:   

 𝑋𝑋 = 𝑋𝑋𝑚𝑚1 + 0.94 − 0.2𝑡𝑡 − 0.00065𝑡𝑡2 (9) 

 𝑌𝑌 = 𝑌𝑌𝑚𝑚1 + 0.1(𝑡𝑡 − 𝑡𝑡𝑚𝑚1) (10) 

At 𝑡𝑡 = 𝑡𝑡𝑚𝑚2, assuming influent flowrate is 0.83 L/h and tank volume is 55 L. 

Figure 3. A closed system model in which biomass Y grows under phosphorus limiting conditions in correlation 
with limitation of substrate X from 0 to 20 hours (A) and 0 to 3000 hours (B).  
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 𝑋𝑋0 · 0.83
55

𝑑𝑑𝑡𝑡 = 1.17𝑑𝑑𝑌𝑌 + 0.013𝑌𝑌𝑑𝑑𝑡𝑡, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 0.1 (11) 

𝑌𝑌𝑚𝑚2 = 181.378 

When 𝑡𝑡𝑚𝑚2 < 𝑡𝑡 < 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑋𝑋 = 0 (assuming that all carbon influent remaining after maintenance requirements are 
met is consumed for growth): 

 𝑋𝑋0 · 0.83
55

𝑑𝑑𝑡𝑡 = 1.17𝑑𝑑𝑌𝑌 + 0.013𝑌𝑌𝑑𝑑𝑡𝑡 (11) 

 𝑌𝑌 = 𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚 − (𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑌𝑌𝑚𝑚2)𝑒𝑒−(𝑚𝑚𝐸𝐸/𝑚𝑚𝐺𝐺)(𝑡𝑡−𝑡𝑡𝑚𝑚2) (12) 

𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚 = 190.38 

 
 Ultimately, in an open system the maximum biomass (𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚) will be determined by the influent carbon substrate 
amount. 𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚  can only be as high as the available carbon for maintenance consumption allows. At the time (𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚) 
when all influent carbon is used for maintenance, 𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚  is reached and will be maintained indefinitely as long as the 
influent conditions remain constant. 

Efficiency in a bacteria’s ability to utilize the substrate also becomes important to obtain maximum growth. 
Though the same amount of limiting substrate is available constantly, the bacteria will push to have the highest 
possible biomass. This in turn will lead to a higher overall cost of maintenance for the total biomass, forcing bacteria 
to switch metabolic rates to a more efficient level. Hence in the open system, the phosphorus input rate controls the 
growth rate up until right before reaching the maximum population that the carbon input rate could support. There is 
a short period between tm2 and the max population (tmax) where carbon becomes limiting because of the increasing 
requirement of maintenance for the biomass present. As time passes, some cells will not be able to continue growing 
or even maintaining themselves. This will lead to a steady rate of cells losing viability, which limits the amount of 
metabolically active biomass present at any given moment past time tmax.  
 

VI. Conclusion 
This study developed two mathematical models to understand the current biofilm accumulation rate in the ISS 

WPA system and to calculate the biomass production rate under dormancy-like conditions. The two models include 

Figure 4. Bacterial growth models from 0 to 20 hours (A) and 0 to 3000 hours (B) of an open system with 
consistent substrate availability. 
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the conditions within the ISS WPA wastewater tank as an open and closed system to represent daily operation and 
dormancy respectively. E. coli was used as the model organism, with glucose as the substrate for calculations of the 
nutritional requirements of the cell. Though E. coli is not a microbe of concern for the ISS WPA system, the 
availability of information on it allowed the development of the two models, with flexibility to adapt them to other 
bacterial growth rates and substrates for a more accurate representation of relevant systems. In future adaptations of 
the model, we aim to consider the “Fab Five” bacteria which have been found in the ISS wastewater system and have 
potential to become problematic. Furthermore, we have looked into bacterial elemental compositions and determined 
that condensate was the main source of nutrition for bacterial growth in the WPA tank. The condensate element 
availability was also studied to determine that phosphorus is the limiting nutrient. Analysis of oxygen availability and 
addition of realistic tank cycling limitations instead of a constant flow for the open system will further aid accuracy 
of future model adaptations. In developing these models, our work aims to help enhance the efforts of biofilm 
mitigation approaches as well as provide a more informed idea of the bacterial response to nutritional changes in the 
wastewater tank of the ISS.    

Appendix 

A. Glucose molecules required for one E. coli cell   
In terms of macromolecules, the cost of one E. coli cell is broken down as ATP cost (Table 2) but can be summed 

up for a total of 1.02·1010 ATP.  

When divided by the 36 ATP of max efficiency breakdown proposed by Philips et al.19, it is noted that 2.84·108 
glucose molecules would be required for construction of one E.coli cell. With an average doubling time of 30 minutes 
and converting glucose molecules to Carbon-moles (C-mol), it would take 5.7·10-15 (C-mol) per substrate per cell. 

1.02 · 1010 𝐴𝐴𝐴𝐴𝑃𝑃
36 𝐴𝐴𝐴𝐴𝑃𝑃

= 2.84 · 108 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒 𝑚𝑚𝑔𝑔𝑔𝑔𝑒𝑒𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒𝑔𝑔 

2.84 · 108 �
1 𝑚𝑚𝑔𝑔𝑔𝑔

6.02 · 1023
� · 6 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑔𝑔𝐶𝐶𝑔𝑔 = 2.83 · 10−15𝐶𝐶 − 𝑚𝑚𝑔𝑔𝑔𝑔 𝑝𝑝𝑒𝑒𝐶𝐶 𝑔𝑔𝑒𝑒𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝐶𝐶 

(or) 
5.7 · 10−15 𝐶𝐶 − 𝑚𝑚𝑔𝑔𝑔𝑔 𝑝𝑝𝑒𝑒𝐶𝐶 ℎ𝑔𝑔𝑔𝑔𝐶𝐶 

 
1. Carbon atoms required to construct one E. coli cell  

According to the book Physical Biology of the Cell,19 1010 carbon atoms are required per new E. coli cell every 30 
minutes. Since these are provided as atoms, they can be converted through Avogadro’s number into carbon moles. By 
doing so, it translates to the amount of carbon used from the substrate to create one E. coli cell.   

 1010𝐶𝐶 𝐶𝐶𝑡𝑡𝑔𝑔𝑚𝑚𝑔𝑔 � 1 𝑚𝑚𝑚𝑚𝑚𝑚
6.02∗1023

� = 1.66·10−14 𝐶𝐶−𝑚𝑚𝑚𝑚𝑚𝑚
1 𝐸𝐸.𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐

  

Table 2. Biosynthetic cost in ATP equivalents to synthesize 
an average cell in nutrient rich conditios.19 
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2. Moles of carbon in the substrate utilized to make one mole of carbon in biomass per hour 
5.7 · 10−15 𝐶𝐶 − 𝑚𝑚𝑔𝑔𝑔𝑔 𝑔𝑔𝑜𝑜 𝑔𝑔𝑔𝑔𝐶𝐶𝑔𝑔𝑡𝑡𝐶𝐶𝐶𝐶𝑡𝑡𝑒𝑒 𝑝𝑝𝑒𝑒𝐶𝐶 ℎ𝑔𝑔𝑔𝑔𝐶𝐶

1.66 · 10−14 𝐶𝐶 −𝑚𝑚𝑔𝑔𝑔𝑔 𝐶𝐶𝑑𝑑𝑔𝑔𝑚𝑚𝐶𝐶𝑔𝑔𝑔𝑔
= 1.71 · 10−1𝐶𝐶 −𝑚𝑚𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝐶𝐶𝑔𝑔𝑡𝑡𝐶𝐶𝐶𝐶𝑡𝑡𝑒𝑒 

B. Closed System Max Biomass Determination From Phosphorus Limitation 
To determine the max amount of biomass which can be yielded from phosphorus: 

 𝐻𝐻𝑑𝑑𝑔𝑔ℎ 𝐿𝐿𝑑𝑑𝑚𝑚𝑑𝑑𝑡𝑡 𝑌𝑌𝑑𝑑𝑒𝑒𝑔𝑔𝑑𝑑 = 100
1.2%

= 83.33 

 𝐵𝐵𝑑𝑑𝑔𝑔𝑚𝑚𝐶𝐶𝑔𝑔𝑔𝑔 𝑀𝑀𝐶𝐶𝑀𝑀 𝑌𝑌𝑑𝑑𝑒𝑒𝑔𝑔𝑑𝑑 = 0.16𝑝𝑝𝑝𝑝𝑚𝑚
83.33

= 13.33 𝑝𝑝𝑝𝑝𝑚𝑚  

And since half of that biomass is carbon, total becomes 6.7 ppm.  



 ICES-2020-42 
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