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While photosynthetic algae-based systems have shown promise for reducing the carbon footprint associated with
biofuel and biochemical production due higher yields than terrestrial crops, there are challenges associated with
CO;, delivery and utilization resulting from the chemical and physical environment experienced. Point-source
CO; delivery is a critical component of intensive algal cultivation, but a significant fraction of the CO5
sparged into the aqueous environment is lost. In this context, we review the theoretical considerations for
deconvoluting carbon transfer efficiency (CTE) and carbon utilization efficiency (CUE), specifically in microalgal
cultivation in response to changes in media formulation and alkalinity. We introduce an empirical and opera-
tional approach to increase the efficiency of CO, transfer and ultimately prime algal cultures for photosynthetic
carbon assimilation. We define operational boundaries for improving CUE under a neutral pH regime, with
conditions that maintain high algal biomass productivity. Our work supports both the implementation of stra-
tegies for increasing CUE as well as provides a framework for monitoring inorganic and organic carbon balances
in controlled aqueous systems. The integration of water chemistry in media formulation with dissolved inorganic
carbon (DIC) and alkalinity are primary drivers of the inorganic carbon flux from a concentrated CO, source
towards an accessible carbon source for microalgae. We outline a systematic approach by leveraging control over
carbon delivery, operational pH in the neutral pH regime, and alkalinity to match available DIC of the media
with the demands of the algae to help optimize CTE and CUE. This control increases the feasibility of large-scale
biotic CO capture in aqueous systems.

1. Introduction

Carbon dioxide removal (CDR) is emerging as a critical area in the
quest to mitigate climate change [1-4]. Photosynthesis-driven CDR,
with appropriate carbon storage, utilization or sequestration, presents a
significant opportunity to contribute to CO2 capture, by improving
agricultural practices to enhance in-field carbon sequestration [1,2].
Aqueous systems, such as those found in algae cultivation environments
[5-8], are able to deliver simultaneously a large-surface area for carbon
capture from point source and atmospheric CO,, as well as a vast
reservoir of inorganic carbon primed for assimilation to organic carbon
or biomass.

Algal cultivation represents a great opportunity for CO5 valorization
for biofuels, bioproducts, and carbon sequestration. Algal photosyn-
thesis consumes ~1.8kg-CO5 to generate 1-kg of algal biomass [9].
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However, there are significant challenges associated with delivering
CO, to neutral pH algal cultures, due to rapid offgassing of dissolved
CO». In outdoor open pond cultivation systems (raceways), over 60 % of
the CO; delivered is not retained, resulting significant fraction of carbon
provided being lost into the atmosphere as emissions [10,11]. While
prior work has investigated the mass transfer of CO; into algae systems,
the specific emphasis on manipulating the water chemistry environment
as a controlled parameter is novel in the space for CUE optimization
[12]. This work focuses on an evaluation of the theoretical consider-
ations of media composition and alkalinity in raceways to identify ways
of enhancing the carbon utilization efficiency (CUE). CUE in its simplest
form is defined as the fraction of delivered inorganic carbon that is
assimilated into algal biomass. CUE optimization is a critical goal as
poor conversion of CO, into biomass results in increased biomass pro-
duction costs and greenhouse gas emissions [13]. While there have been
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reports in the literature indicating that high CUE may be feasible during
pond operations at pH setpoints between 7 and 8 [5, 11, 14-16],
aggregate experimental literature has provided inconsistent results and
definitions that need further context to be able to compare across studies
including alkalinity, nitrogen source, and deviation from pH setpoint
[10,11,17,18].

We understand that higher alkalinity systems (> 50 mM) are in
operation and require alkaliphilic algae [19-22], however, this work is
focused on neutral pH operating regimes, which occur in low alkaline
environments (<=10mM), due to several drawbacks associated with
high alkalinity cultivation of algae [23]. While limited experimental
data is available, it is thought that higher pH induces higher rates of
photorespiration through metabolic shuttling to 2-phosphoglycolate and
thus can negatively impact CO; assimilation [24-27]. In addition to this,
high pH cultivation using direct air capture (DAC) by algae is often
limited to lower biomass cell densities than neutral pH cultivation as the
CO, demand by algae exceeds the rate of DAC at higher biomass
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densities [28]. Furthermore, high pH cultivation can result in lower
productivity due conversion of ammonium to toxic ammonia [29]. High
alkalinity cultivation of algae leads to higher ash content which impedes
downstream processing and increasing the processing costs and mini-
mum biomass selling price (MBSP) [30,31].

To support rapid biomass growth, sufficient carbon must be available
to algal cells. To accomplish this, many algal systems operate with a pH-
feedback mechanism for dynamic CO5 delivery. In the pH 7-8 regime for
algae cultivation where HCOj3 is the dominant carbon species [32]
(Fig. 1A), photosynthesis assimilates CO5 at the active site of Ribulose
Bisphosphate Carboxylase/Oxygenase (RuBisCO) and the activity of
intracellular carbonic anhydrase as part of the carbon concentrating
mechanism (CCM) releases OH from dissolved HCO3. These actions
create a shift in the carbonate equilibrium and an increase in the system
pH [12,33,34]. Therefore, operating a culture by activating CO, delivery
when a pH setpoint is exceeded, makes the IC delivery highly responsive
to cell growth, and ensures that the media maintains a specific
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Fig. 1. (A) Fraction of dissolved inorganic carbon species in seawater at 25°C with dotted lines are drawn at pH 7 and pH 8 to highlight pH regime for algal
cultivation, and (B) Illustration of potential pathways for COo; (1 to r) direct loss to the atmosphere when not absorbed by the media; pathways for CO, converted to
dissolved inorganic carbon (DIC) [1]; retained as DIC [2], off-gassed due to excess CO, in the media, or [3] assimilated into algal biomass. In this work, dissolved
organic carbon (DOC) is not considered organic carbon that would be harvested along with the biomass and subjected to processing and is thus not incorporated in

the total quantity of organic carbon in the biomass.
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concentration of CO, and DIC [12,35]. However, the responsiveness of
the media to pH changes is dependent on the water chemistry and
resulting alkalinity, which dictate how easily the pH responds to addi-
tions of acid (CO3) [36]. For systems operating with CO; delivery on pH
feedback, alkalinity must be managed to minimize carbon input and
optimize CUE. Of note, additions of CO, have no effect on alkalinity in
freshwater or seawater while direct additions of acid reduce alkalinity
[36].

The respective feedback mechanism between the pH (as an opera-
tional control point), alkalinity, nutrients, and growth rates of algae has
been empirically observed [5,12,20,37] but a systematic review has
been elusive.

The objective of this manuscript is to identify trends in carbonate and
nutrient chemistry that can be used to inform algae cultivation opera-
tions, while simultaneously providing support for reporting consistency
in CUE definitions and theoretical considerations for known abiotic
trends.

2. Methods
2.1. Dynamics of carbonate system using PyCO2SYS

To investigate the dynamics of the carbonate system, we imple-
mented the python library PyCO2SYS to generate predicted system
concentrations and used the graphical plotting library matplotlib to
visualize the results [38,39]. Using the equilibrium carbonate model in
PyCO2SYS we varied the input parameters of total alkalinity, tempera-
ture, and salinity as a function of pH to estimate the dissolved inorganic
carbon concentration, the partial pressure of CO5, and the pH sensitivity
of the media. With these values we further calculated the estimated mass
transfer of CO, out of the system and a rate-based CUE. Python code is
provided as supplementary files.

2.2. Experimental validation of dynamics of carbonate system

To validate the PyCO2SYS model for the range of total alkalinity
under consideration, we collected experimental DIC data as a function of
pH for 10 mM and 2.3 mM total alkalinity with 5 ppt background so-
dium chloride. Sodium carbonate at 5 mM and 1.15 mM final concen-
tration was added to 1.5L of ultrapure water containing sodium
chloride at 5 ppt to achieve the target total alkalinity of 10 mM and
2.3 mM, respectively. The solution of sodium chloride and sodium car-
bonate was stirred continuously at 300 RPM (IKA Staufen, Germany
Model: Color Squid) and allowed to sit for 15 minutes after dosing of
sodium carbonate to allow pH to stabilize. The pH of the solution was
continuously recorded at 1-minute intervals by a Neptune APEX
controller (Neptune Systems, Model: Apex) with Sensorex pH probe
(Sensorex Garden Grove, CA. Model: S2000CD/10/BNC) immersed in
the test solution. After the 15-minute pH stabilization period, an initial
sample for DIC was collected and subsequently CO, was continuously
bubbled into the solution at 4 std. mL/min flowrate measured by an
inline mass flow controller (Alicat Tucson, AZ. MC-Series). Samples
were collected directly into septa-capped vials for DIC measurement at
intervals of 0.5-unit pH between pH 10.0 and 7.0. Immediately after
sample collection, the vial for the analysis of total inorganic carbon
(TIC) were placed on ice and refrigerated until the instrument (Shi-
madzu, TOC-L analyzer) is ready for measurements following the NREL
Laboratory Analytical Procedure [40].

Experimental data for pH sensitivity were collected in a similar
fashion, however no samples for DIC were removed and the solution
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volume remained constant. Total alkalinity concentrations of 10 mM,
5mM, and 2.3 mM were tested with a background of 1 ppt sodium
chloride. To slow the pH response of the solution, CO, was bubbled at
1.0 std. mL/min.

3. Theory
3.1. Carbon transfer efficiency

CTE refers to the initial, limiting, step of dissolving CO, into an
aqueous environment and is often a highly inefficient step in cultivation
systems [5,41,42]. As shown in Fig. 1B, the carbon balance for the
system starts with the abiotic carbon transfer from a concentrated CO5
source to the aqueous environment [43], after which biological mech-
anisms are responsible for carbon uptake by the cells. The initial abiotic
carbon transfer is considered a limiting step [44,45] and can be one of
the main reasons for low efficiency of CO5 transfer CTE is defined in Eq.
1 where Anp;c mediq is the change in moles of dissolved inorganic carbon
(DIC) in the media before and after a sparging event. Subsequently, A
N sparged 1S the number of moles of carbon delivered as carbon dioxide
that is sparged into the media.

CTE — Anpic media o)

ncspurged

The mass transfer equation (Eq. 2) describes the interactions be-
tween the gas and liquid phases in the system which dictate CTE. Here,
Anczizt is the rate of CO delivery from the gas phase into the culture
liquid, kza is the mass transfer coefficient, Cy,, is the equilibrium con-
centration of CO; in the liquid phase and Cco, is the actual concentration

of CO3 in the liquid phase (Eq. 2). Since CO dissolution is the first step

in the equilibrium to form DIC, the rate of change of DIC (Mmzi‘f‘“) is
equal to the rate of CO; delivery from the gas phase into the liquid phase

[43].

AnCO2
At

An, i
=kia(Cp, ~Coo,) = SRR ®)

Collectively (C}}oz —CCOZ) is the driving force that causes CO3 to

transfer from the gas to liquid phase, with C¢o, dependent on the media
conditions including pH, alkalinity, salinity, and temperature, as
described later. The equilibrium concentration (C¢,,) in the liquid phase
is based upon the partial pressure of CO5 in the gas phase of the supply
stream. For concentrated CO3 delivery, the Cg,, is very high compared to
the actual concentration of COs in the liquid phase, as dissolved CO; is
rapidly converted into different forms of carbonates. The expected
concentration of COz in flue gas is within the range of 3-20 % (typically
around 10 % [46,47]) and at this concentration, the stream will car-
bonate the majority of media formulation studied. However, at standard
atmospheric concentrations of COy (~ 400 ppm), a much smaller con-
centration gradient exists which results in a significantly smaller driving
force as demonstrated in Fig. 2, panels B, E, and H.

The volumetric mass transfer coefficient, kza (min™1), is comprised
of two components: k;, the liquid-side mass transfer coefficient (minfl),
and a, the gas-liquid interfacial area per unit volume of liquid (m™1).
This coefficient (kza) is typically an empirically derived value based on
experimentation under different conditions [48]. Similarly 1/k;, can be
described as the resistance to gas mass transfer and is dictated by several
parameters including temperature, media composition, mix-
ing/turbulence in the liquid phase, wind velocity, and the thickness and
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Fig. 2. Overview of the dependency of DIC (column 1), CO, partial pressure, assuming 1.0 atm (column 2), and sensitivity factors (column 3) on pH; parameters of
the water system varied by row: (A, B, and C) different total alkalinity (TA) shown as isolines of 0.36, 1.2, 2.3, 5 and 10 mM TA, 5 ppt salinity, 25 °C; (D, E, and F)
different salinity (1, 5, 15, 25, and 35 ppt), 2 mM TA, and 25 °C; (G, H, and I) different temperature (5, 15, 25, 35, and 45 °C), 2 mM TA, 5 ppt salinity. Equilibrium
DIC with atmospheric CO, (assumed at 400 ppm) is shown as diagonal line in the DIC panels above which there is net off-gassing of CO, and below, net in-gassing
depending on pH set point of cultivation operation. The boundary conditions in column 2, highlighted in a yellow box are the partial pressure conditions experienced
during CO, delivery between partial pressure of air (lower horizontal) and of 100 % CO, feedstream (upper horizontal).
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type of interfacial boundary layer between the two phases.

The state-of-the-art for enhanced CTE focuses on increasing the gas-
liquid interface area by targeting two factors: bubble size and contact-
time. The most effective approach to increasing mass transfer is to in-
crease the available surface area (SA) by reducing the diameter/volume
(V) of individual bubbles [49,50]. By switching from coarse aeration
bubbles (1 — 5 mm) to fine aeration (< 500 um) the increase in SA/V is at
least 2-10-fold higher without changing the total volume of CO» being
delivered [49,50]. Additionally, research has shown that as bubble
diameter decreases below 1 mm there is a significant decrease in bubble
rise velocity [51], which increases the length of gas-liquid contact time.
Collectively, these effects of decreasing bubble size have the potential to
significantly increase CTE.

However, decreasing bubble size is not always sufficient to achieve
high CTE values and methods have been developed to further increase
the contact time between the gas and liquid phases. The three most
common methods that are discussed in algal raceways are sumps,
carbonation columns [52,53], and membrane carbonation that have
each shown the ability to increase CTE to > 90 % in controlled experi-
ments [5,54]. The first two approaches focus on providing a longer path
length for the bubbles to travel and increase contact time, while mem-
brane carbonation mediates the diffusion of CO, into the liquid without
the formation of bubbles. Ultimately, CTE sets the maximum utilization
efficiency of CO; in algal cultures and is thus very important for main-
taining a high CUE. CTE is the first bottleneck in achieving high CUE [5,
41,42] and should be addressed prior to considerations of operational
pH, media formulation, and nutrient feeding strategies.

3.2. Carbon or CO; utilization efficiency

The CUE equation is the mass balance between carbon assimilated
into the biomass and carbon delivered to the system [10], with a fraction
that is lost to extracellular dissolved organic carbon (DOC) in Fig. 1B.
This includes CO, delivery, CO, transferred between the air-water
interface, dissolved inorganic carbon (DIC) addition (e.g. NaHCOs3 or
Na,COs3 addition), and other chemicals that alter the available DIC [55]
(e.g. utilization of urea as a nutrient source will also deliver inorganic
carbon and any nutrient or chemical that changes the alkalinity of the
media (Table 1), Eq. 3. CUE is measured between two sample points to
provide initial and final measurements of the carbon distribution. Here,
Ang gigqe is the change in number of moles of carbon of the biomass be-
tween the two sample points. The term n¢ gpqrged represents the moles of
carbon sparged into the system and ncgyeraon 1S the change in moles of
carbon that occur with changes in media alkalinity. If the DIC of the
media decreases due to alkalinity effects, then —Anpc media TEpresents an
addition of available carbon to the biomass. The addition of organic
carbon is represented by the term nc,,,,-

AnC.algae AnC,algae

CUE = = 3)
nc, argea — ATDIC media - NCorganic

sparged + N¢aiteration ”Cq

This work is focused solely on phototrophic cultivation and does not
consider mixotrophic conditions that use acetate, glucose, primary
wastewater, or other organic carbon sources. Therefore, the delivery of
organic carbon is assumed to be minimal, except for when urea (CO
(NHy)») is utilized as the nitrogen source. Furthermore, it is assumed
that the spent media containing DIC will be recycled. Therefore, the total
DIC is less critical in calculations than the change in DIC from growth
and media conditions. This results in a simplified equation (Eq. 4).
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Table 1
Predicted changes to total alkalinity (TA) for consumption of varied nitrogen
sources.

Species Function Effect on TA

NH,4Cl Decrease by
1 equivalent
Decrease by
2 equivalents
[58] if ionized
NH4+ is
further
microbially
oxidized to
nitrite and
then nitrate.
(may
decrease by
1 equivalent
if resulting
nitrate or
nitrite is
consumed by
algae)
Increase by 1
equivalent
No net
change

[-1, + 11,
depending
on selectivity
of N uptake.
No net
change if all
N consumed
Decrease by
1 equivalent;
HCO3
dependent
on
equilibrium
dynamics
When urea is

Direct assimilation of NH;

- 3 1
NH, NH] +30,—NO; +H,0+2H" NO; +,0; —NO;

NaNO3 Direct assimilation of NO5

Ny Fixation by select cyanobacteria

NH4NO3 Assimilation of NH} ; Assimilation of NO;

NH4HCO3  Direct assimilation of NH;

Urea Intracellular reaction:
CO(NHy), + H,0-*, CO, + 2NH; directly
assimilated,
no net
change in
alkalinity
[76]

AnC.algae

CUE = @

ncsparged - AnCDIC.media

3.3. Media alkalinity

Alkalinity is a measure of the buffering capacity of aqueous solu-
tions, meaning that as alkalinity increases, it becomes more challenging
to change the pH [56]. This is critical in algal systems, where the pri-
mary operational control is CO5 addition to maintain a desired pH set-
point [5]. Several definitions of alkalinity exist depending on the
calculation or experimental method used to determine the value [57]. A
standard and simplified definition of total alkalinity (TA) is shown in Eq.
5 which includes the primary proton acceptors in algae systems. Here, a
direct dependence between total alkalinity and dissolved inorganic
carbon is established where higher alkalinity can support larger con-
centrations of inorganic carbon.
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TA = [OH ] + [HCO;] +2[CO3 | + [B(OH); | + [NHs]+ [HPO,?]
5)

Expanding on the work performed by Dickson, Wolf-Gladrow et al.
[58] developed an explicit conservative expression for total alkalinity to
account for the contribution of major ions and acid-base pairs when
electroneutrality is applied. Here, ‘conservative’ refers to components
following a linear mixing relation and are constant with respect to
pressure and temperature [58]. The change in total alkalinity of a bio-
logical system is easily predicted from this equivalent definition of
alkalinity (Eq. 6) [36,58].
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resulting parameters as long as culture pH is maintained and the
measured total alkalinity is provided. In the analyses reported here, we
captured the influence of measured alkalinity and pH equilibria up to
10 mM alkalinity and applied equilibrium constants from Millero with a
reported range of 1-50 ppt salinity and 0-50°C [63].

4. Results and discussion

4.1. Alkalinity is a primary operational parameter for algal systems’
carbon utilization efficiency

TAe = [Na']+2[Mg'?] +2[Ca'?] + [K']+2[Sr'?] = [CI ] = [Br |+ > NHs—» NO;—» NO,—» PO,—2) SO,— > F (6)

Where: >"NH; = [NH;] + [NHJ], > NO; = [NO;| + [HNO;], > NO, =
[NO,] + [HNO,], PO, = [HsPO4] + [H.PO,] + [PO4%], 3" SO,
= [HS04] +[HSO, | +[S0,?] and 3°F = [HF] + [F"]

Of note, Eq. 6 describes the contribution of inorganic components to
total alkalinity and does not consider the contributions of dissolved
organic carbon (DOC) to the total alkalinity. It is understood that various
forms of DOC with embedded organic acid or base charged species can
contribute to TA, depending on the equilibrium constants [59,60]. These
organic charge groups are usually only minor contributing species to
natural water chemistry calculations and are commonly omitted in the
CO, system speciation calculations [61]. At potentially higher contri-
butions (above 500 uM C) in dedicated algae cultivation systems, the
contribution of organics to TA measurements should be considered in a
future TA model.

3.4. Fate of dissolved inorganic carbon in the aqueous environment

It is well-understood that DIC concentrations and the prevalent
interconversion pathways are defined by the pH and alkalinity of the
media [36]. It is also understood that total alkalinity can change as a
result of nutrient uptake to support algal growth [56].

We applied the PyCO2SYS carbonate equilibrium model as a simple
and accessible method for algae cultivators to predict the impact of
media formulation changes on operational parameters like equilibrium
pH, DIC concentration, net CO5 transfer and pH sensitivity in the media
[38]. By virtue of being an equilibrium model PyCO2SYS carries limi-
tations when applied to dynamic growth systems since, on the time scale
of photosynthetic DIC uptake, time-dependent models capture this
disequilibrium [62]. Specifically, PyCO2SYS does not directly model the
dynamic biological processes in culture growth. However, the isolines
provided in this work allow for building of intuition on pH sensitivity
and COg losses with the goal of improving cultivation and carbon uti-
lization operations with respect to total alkalinity, salinity, and tem-
perature on algal growth systems that utilize pH feedback control. Total
alkalinity isolines (Section 4.1) provide an opportunity to visualize
day-to-day shifts to the equilibrium state when total nutrient concen-
tration changes over the time scale of days [37]. Interpretation of these
isolines allow operators to infer impacts on the system without direct
modelling. For the extension to rate-based CTE and CUE calculations,
the impact of biomass growth is discussed in Section 4.3.

Equilibrium conditions of the carbonate system depend on thermo-
dynamic properties including salinity, temperature, pressure, and the
quantity/type of dissolved ions. The pH, total alkalinity, DIC, and partial
pressure of CO; are interconnected parameters of the carbonate system
where any pair of these variables can fully define the system [38]. By
specifying pH and total alkalinity, we allow the model to estimate the

To conceptualize the changes to the carbonate system and interpret
their impact we generated system properties by varying total alkalinity,
salinity, and temperature of the system. In panel A of Fig. 2, lines of
constant total alkalinity, or TA isolines, are plotted for the relationship
between pH and DIC. A separate equilibrium curve is displayed which
represents the predicted pH-DIC equilibrium with air at 400 ppm COs.
The intersections of the air-equilibrium line and the TA isolines repre-
sent the equilibrium pH at an alkalinity when the system is in contact
with ambient air. Therefore, conditions to the left of the air-equilibrium
line are supersaturated with CO, with respect to ambient conditions,
which results in a transfer of CO5 from the culture to the atmosphere and
is termed “off-gassing”. Off-gassing is one of the key phenomena that
reduces CUE compared to CTE [12]. Indoor research in bubble columns
has consistently shown that higher dissolved CO; concentrations
(>0.5-10 %) increases growth compared to atmospheric CO; levels [64,
65]. Conversely, a net influx of CO2 will occur for conditions to the right
(or a pH higher than the intersection point) of the air-equilibrium line
[20]. Since this analysis relies on a chemical equilibrium model and does
not include consumption of DIC by algae, the provided isolines serve
only as upper estimates of available DIC at measured total alkalinity. At
neutral pH ranges, carbon limitation tends to decrease biomass pro-
ductivity, but at high alkalinities (> 100 mM) this approach can drive
atmospheric CO5 capture in algal raceways [20]. By minimizing CO5
off-gassing, operation below the equilibrium line promotes high CUE
since less COs is lost to the atmosphere due to unfavorable equilibria.
Beyond the scope of this work, the optimal conditions of CUE and
biomass productivity ultimately will depend on techno-economic anal-
ysis (TEA) and life cycle analysis (LCA) of the overall production process
of the desired end-product.

It is understood (Section 4.3) that total alkalinity of the system may
change depending on both nutrient consumption which will shift the
equilibrium pH. From the model results presented in panel A, D, and G in
Fig. 2, presenting DIC concentrations as a function of pH at constant
alkalinity, salinity, and temperature, respectively we can derive opera-
tional boundary conditions for net in-gassing and off-gassing of CO,.
From our experience, when operating in the net in-gassing regime, it is
generally more challenging for the biotic system to trigger CO5 injection
on pH feedback because the pH rise from off-gassing does not occur and
the only upward force on pH is from photosynthetic growth. Therefore,
although in general, net in-gassing is expected to provide higher CUE,
biomass productivity must be balanced in either regime. Conditions of
net outgassing may provide sufficiently high CUE if the biomass pro-
duction rate is competitive with the CO; off-gassing rate such that a
strong carbon sink exists. This indicates that fast-growing algae may be
able to operate at lower pH setpoints when compared to slower growing
ones while maintaining higher CUE.

Panels B, E, and H of Fig. 2 display the equilibrium partial pressure of
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Fig. 3. (A) Experimental DIC concentration as a function of pH for 2.3 mM and 10 mM total alkalinity with 5ppt NaCl background. (B) Experimental pH sensitivity
factor for 2.3 mM, 5 mM, and 10 mM total alkalinity with 1ppt salinity background.

CO;, experienced in the media as a function of pH at constant alkalinity,
salinity, and temperature, respectively. Two horizontal lines represent
the partial pressure of CO, in the ambient air (400 ppm CO3) and the
partial pressure of CO2 in a 100 % COs, feed stream. Since mass transfer
is driven in the direction of decreasing concentration, it is evident that a
100 % feed stream of CO; can carbonate a majority of TA isolines across
the pH range of 6.5-11.0. However, for systems in contact with ambient
air, it is also evident that CO, may leave the system into the ambient air.
Biological fixation acts as a carbon sink to mitigate these losses and keep
carbon in the system (Fig. 1B). The pH range in which off-gassing will
occur varies with the total alkalinity of the system (Fig. 2A).

Panels C, F, and I of Fig. 2 display the pH sensitivity factor for con-
stant TA, salinity, temperature which relates the change in pH (dpH) to
the change in DIC (dDIC) of the system (Eq. 7). The pH sensitivity factor
is analogous to other sensitivity factors summarized by Middelburg et al.
[36]. Systems with high pH sensitivity require less CO to maintain set
point in response to photosynthetic activity of the algae.

opH

o= (b )., ?

Plotting of the pH sensitivity factor identifies areas of high pH
sensitivity in the range of 7.5-8.0, which corresponds to a physiological
pH where many algae species thrive [23]. The location and magnitude of
the maximum pH sensitivity vary with temperature, total alkalinity, and
salinity. As expected, increases in total alkalinity (buffering capacity)
decrease the relative maxima of pH sensitivity since highly buffered
systems are resistant to changes in pH.

4.2. Experimental validation of the impact of alkalinity on DIC and pH
sensitivity

To validate the findings of the PyCO2SYS, we chose to experimen-
tally quantify DIC as a function of pH, as well as the pH sensitivity factor
. Experimental DIC data as a function of pH is provided with model
estimates in Fig. 3A. We find that in the pH 7-10 range tested, there is
good agreement between model predictions and experimental data
indicating the suitability of PyCO2SYS in the alkalinity range tested. In
particular we saw very good agreement in the pH range of 7-8 where

most algae operations occur [66].

To experimentally compute pH sensitivity we assumed [1] that
bubbling of carbon dioxide added DIC to the media at a constant rate
[2], that the system is at equilibrium during DIC addition, and [3] the
raw data for pH sensitivity can be normalized with a linear scaling
factor. The assumption of constant DIC from CO3 addition was necessary
to experimentally determine w since infinitesimally small additions of
DIC and pH measurements to directly compute the partial derivative

(gg—IHC ) is impractical. Carbonate equilibrium was assumed to
TA

compute model results with PyCO2SYS and achieved by slow addition of
CO; and constant stirring of the solution. Since the model-predicted pH
sensitivity is an intensive property of the liquid media and does not
account for inefficiencies in DIC addition and pH response (CO, losses,
stirring speed, CO; introduction method) we normalized the raw pH
sensitivity data (Extended Methods, Supplementary Information) where
the pH sensitivity of 10 mM total alkalinity at pH 7.75 was chosen as the
reference point equal to 1.0. The pH vs time dataset and derived raw %’
data is shown in panel A and B respectively of Fig. S1. pH sensitivity
factor w estimated by PyCO2SYS model and that from experimental data
is shown in Fig. 3B. We find that our experimental setup shows good
agreement with the model data in the range of 2.3 mM - 10 mM indi-
cating robust performance of the model. Challenges need to be
addressed to collect experimental data at lower TA where the pH drop is
rapid in the most sensitive pH range where pH (pH 7.5-8.5) logging at
1 min is insufficient. This could be addressed by experimentation under
slower CO- delivery in larger volume experimental setups with faster
response electrodes.

The good agreement between model-predicted results and experi-
mental data for the TA studied in both Fig. 3A and B support the
application of PyCO2SYS to model the cultivation media as it undergoes
changes in alkalinity during culture growth. Moreover, the agreement
over the range of pH studied supports the analysis presented in this work
where some model predictions are provided as a function of pH (ie.
equilibrium DIC concentrations and off-gassing rates).

In the context of algae cultivation, operators using CO, delivery in a
pH feedback cultivation system are incentivized to operate near these
areas of maximum sensitivity to yield the largest efficacy of the input
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Fig. 4. Estimates of calculated CO off-gassing rates for various isolines of total alkalinity at 1.0 atm, 25°C. Molar CO, fluxes (mol e m? e h™") were predicted from
Eq. 2 assuming equilibrium contact of media and ambient air at 400 ppm CO,. Panel A provides flux estimates at 5ppt salinity while panel B plots rates at 35ppt. Flux
estimates are negative (flux into pond) for pH values above the equilibria pH of the of the TA isoline but are not visible due to plot scaling.

CO3. A common and simplified approach to increase CUE, in a system
with high CTE, is to increase operational setpoint and media pH to
provide an environment that is deliberately less likely to cross the air-
equilibrium line and avoid off-gassing [5]. However, there are several
challenges associated with higher pH operations; lower photosynthetic
efficiency and productivity for some strains [67]; lower overall pH
sensitivity due to higher buffering capacity (e.g. panel C in Fig. 2 and
panel B in Fig. 3); and media formulations to achieve high alkalinity
environments are expensive and may impact the quality of the down-
stream biomass by creating a high harvested inorganics content of the
biomass. Therefore, when increasing the pH operational setpoint, it is
important to evaluate the tradeoff between savings from increased CUE,
and loss from reduction in biomass productivity, and potential increase
in downstream processing costs.

4.3. Predicting off-gassing in outdoor small-scale raceways

The predicted off-gassing rates from Eq. 2 where a kia of 0.5 hr?

(A)
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20

6.5 7.0 75 8.0 8.5 9.0

pH

was selected as a representative upper-limit are shown in Fig. 4. Mass
transfer coefficients for pond operation have been observed between
0.5 hr™! and 0.05 hr™! [68,69]. At the 10 mM TA and 5 ppt salinity
condition, a predicted flux of approximately 0.11 mol e m? e h™! at pH
7.0 represents the loss of 20 gCO, (12 std. liters) per hour for a 4.2 m?
raceway pond with 20 cm operating depth. Therefore, quantifying the
kia of CO, off-gassing is crucial to describe and minimize potential
losses of CO3 since ultimately, a competition between biological carbon
fixation and COs losses exists. Fig. 4 also identifies an approximate 40 %
reduction in predicted CO3 losses at the higher salinity condition which
demonstrates the potential of media formulation to impact off-gassing
rates and CUE. Results in Fig. 4 focus solely on the expected mass
transfer between the abiotic media and the surrounding atmosphere at
400 ppm. These results likely overestimate the rate of off-gassing since
the presence of algae consuming DIC would act to reduce the concen-
tration gradient that drives CO; out of the system.

By comparing the estimated flux of CO, from an open raceway to the
biomass productivity, we obtain a rate-based estimate of CUE (Eq. 8)

(B)
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Fig. 5. Estimates of CUE for systems at 5ppt salinity with overall mass transfer coefficients of 0.5 hr~* and 0.05 hr~! (panel A and B respectively), assuming growth
of 0.1 g L *day ! (equivalent to 15 g m~2 day . Estimates are derived from average daily growth and off-gassing rates.
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when assuming that all carbon dioxide that enters the system is either
fixed by biomass (. si.q) at a constant rate or off-gassed by transport
equilibria into the ambient air (7 offgasseq) during the light-hours of the
day. This estimate does not consider dynamic rates of biomass growth,
consumption of DIC from the media, nor carbon which accumulates in
the media as DIC. This estimate explores the qualitative impact of total
alkalinity and off-gassing on CUE but does not aim to quantify absolute
values which would vary depending on the rate of DIC consumption in
the media. Moreover, actual CUE may be larger than these estimates
when biomass growth is sufficiently fast to outcompete off-gassing rates.

mcﬁxed

——— 100
M fixed + M offgassed

CUEEstimated (8)

In panel A of Fig. 5, which plots predicted CUE with volumetric mass
transfer coefficient of 0.5hr! assuming growth of 0.1 g L™ *day~!, CUE
monotonically increases with increasing pH for all isolines of total
alkalinity. This observation is consistent with experimental results in
literature that report higher CUE at higher pH [5,42]. These observa-
tions show promise that relatively high CUE could be attainable near the
physiologically relevant pH by utilization of top-performing algae
strains such as those in the genus Picochlorum [70,71] under specific
conditions of low-alkalinity cultivation which should be tested experi-
mentally in the follow up studies. Since this is a gross estimate of CUE,
some conditions do not reflect a feasible operating condition and should
be interpreted as such.

In this analysis, CUE conceptually exceeds 100 % as pH passes the
equilibrium pH and this has been observed when operating an algae
cultivation system at pH 8.5 or higher, close to the equilibrium pH of
higher alkalinities [5,42]. While this prediction is supported by the
expectation of zero net flux of CO, from the system at equilibrium pH, it
does not account for biological factors that often confound CUE
including inability to maintain pH setpoint, biotic crash events, and poor
growth unrelated to pH. Therefore, the value of this analysis is in the
trend-finding possibilities with varying alkalinity of the overall system,
rather than the absolute value of predicted CUE. Other methods like
Computational Fluid Dynamic (CFD) simulation coupled with growth
models are better suited to estimate transient behavior of growth and
mass transfer [72] to predict the absolute value of CUE in a cultivation
system. Kinetic models, building on the equilibrium models presented
here, can better capture the transient dynamics of biological growth
[33]. As described by Zeebe et al., time-dependent models provide
additional accuracy over pure equilibrium models for carbonate
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equilibrium when time scales faster than 90 sec are involved [62].
Future work can involve incorporating the fast uptake of DIC by
photosynthesis-driven reactions, and extend the application of the
concepts presented here. Nonetheless, equilibrium models can help
provide intuition and framework for understanding the operation of
these complex systems.

In panel B of Fig. 5, with volumetric mass transfer coefficient of
0.05 hr™! all CUE predictions shift leftward, suggesting that higher CUE
is attainable at lower values of pH. This leftward shift occurs since the
lower overall mass transfer coefficient of off-gassing limits the expected
COs flux from the system and demonstrates the importance of quanti-
fying and optimizing mass transfer at the air-water interface of outdoor
cultivation ponds.

To explore the qualitative impact of productivity on estimated CUE,
Eq. 8 was plotted as a function of biomass productivity with isolines of
total alkalinity at pH 7.0 and 7.5. The total alkalinity isolines represent a
constant CO; off-gassing rate for a volumetric mass transfer coefficient
of 0.5 hr ! at 5 ppt media salinity taken from Fig. 4A. Fig. 6A indicates
that higher biomass productivities lead to higher predicted CUE since all
curves monotonically increase with increasing areal productivity at pH
7.0. As the operational pH is increased to 7.5 in panel B of Fig. 4, less off
gassing is expected and CUE increase. A horizontal line at 100 % CUE for
the pH 7.5, 0.36 mM TA condition represents the idealized operation at
the equilibrium pH where no net off-gassing occurs, though it is un-
derstood to be operationally difficult to attain.

4.4. Alkalinity changes with nutrient formulations and uptake

An important consideration in elucidating operational conditions
conducive to high CUE, and a critical point of control, is the source of
nitrogen fertilizer used for cultivation. Typically, nutrients are delivered
in different complex forms (e.g. ammonium chloride (NH4Cl), ammo-
nium bicarbonate (NH4HCO3), ammonium nitrate (NH4NO3), sodium
nitrate (NaNOgs), anhydrous ammonia (NHs3), urea (CO(NHy3)32)), and
urea ammonium nitrate (UAN) [73]. Ammonium is often considered the
preferred nitrogen source, because it requires less energy to assimilate
compared with other forms such as nitrate [74]. Table 1 summarizes the
anticipated change in total alkalinity for algae systems growing on select
nitrogen sources. Assuming the nutrient-H' compensation principle as
described by Wolf-Gladrow [58], the ionized nutrient uptake results in a
change in alkalinity. For instance, assimilation of 1 mol of nitrogen
atoms in the form of nitrate or nitrite (NO5, NO; ) has the net effect of
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Fig. 6. Estimates of CUE as function of areal biomass productivity for operation at pH 7.0 and pH 7.5, respectively. Isolines specify a pairing of constant TA and pH

which defines a constant CO, off-gassing rate.
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increasing TA.. by 1 mol equivalent since the loss of a negative contri-
bution to TAe. occurs [56]. By extension, a decrease in alkalinity of 1
equivalent occurs with assimilation of the ammonium ion (NH}) and no
net change occurs with the fixation of Ny as performed by
nitrogen-fixing cyanobacteria, such as Trichodesmium [58]. These pre-
dictions support experimental observations of varied alkalinity during
growth on ammonia and nitrate [56].

The explicit conservative form of total alkalinity provides a robust
method for estimating changes in alkalinity under model conditions of
algae cultivation as originally described by Wolf-Gladrow et al. [58]. For
instance, a decrease by 1 equivalent in T is predicted for each mole of
nitrogen assimilated from the ammonium ion [58]. However, if bacterial
contamination is present in the culture, and the bacteria display urease
activity, then under aerobic conditions the ammonia species may un-
dergo nitrification before entering the algal cell and alkalinity will
decrease by 2 equivalents [58,75]. In this case, the decrease in alkalinity
makes the system more susceptible to changes in pH (less buffered) and,
when coupled with the production of 2 protons through nitrification, it
is easy to see why bacterial contamination must be carefully controlled
when growing on ammonia nitrogen. Specifically, the pH of the system
simultaneously becomes easier to change and more acidic which makes
pH control exceedingly difficult when using CO, addition alone. Direct
uptake of urea into the algal cell is described for various members of
Chlorophyceae and Ulotrichales [76,77]. When urea is directly taken
into the cell, no change in total alkalinity is expected.

While Table 1 summarizes the net changes to alkalinity upon
assimilation of nitrogen alone, the uptake of phosphorus and sulfur also
impacts alkalinity through the ion concentrations of phosphate and
sulfate. These impacts are often negligible and justification comes from
the molar Redfield ratio of 106:16:1 C:N:P indicating that marine
plankton contain phosphorous in small amounts in comparison to ni-
trogen [58]. Moreover, the molar S:P ratio for marine organisms may
vary between 2.4:1 in Skeletonema costatum and 3.3:1 in Emiliania huxleyi
and Prorocentrum minimum which indicates nitrogen uptake occurs in
much larger rates as compared to phosphorus and sulfur as described by
Wolf-Gladrow [58].

Other challenges arise when both ammonium and nitrate are present
as the nutrient source, as is the case with ammonium nitrate (NH4NO3).
Several potential changes in controlling or maintaining alkalinity may
occur depending on when each nitrogen-containing ion is assimilated. If
ammonium is taken up preferentially [74], alkalinity would first
decrease until nitrate assimilation begins. Conversely, preference of
nitrate would provide an initial increase followed by a decrease in
alkalinity [78]. If no preference exists and nitrogen uptake is
ion-agnostic, then no appreciable change in alkalinity is expected.
Therefore, a spectrum of alkalinity changes between —1 and + 1
equivalents are possible depending on the selectivity of nitrogen source
by the algae strain and the fraction of ammonium nitrate consumed.

5. Conclusion

Based on the theoretical and literature investigation presented here,
we believe an experimental approach focused on CO2 delivery, opera-
tional pH, media and water chemistry optimization for increasing CUE is
feasible and described as follows. 1) CTE improvements represent the
first step to developing a system with high CUE; 2) Subsequently an
evaluation and selection of strain and desired operating pH are required,
with faster-growing strains that can compete with CO3 off-gassing being
preferred and should be operated at higher pH (within the pH 7-8
regime) to capitalize on reduced off-gassing rates in the desired pH for
optimal growth; 3) media inorganic alkalinity and cultivation strategy
are the next parameters to achieve improvements in CUE, due to the
effect of total alkalinity on the media characteristics. Specifically, the
total alkalinity should not be in large excess above the desired pH set-
point which would reduce the effectiveness of pH control due to large
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buffering capacity; nor should it be excessively small such that pH
fluctuations are untenable and disruptive to the system’s physiology.
Instead, an operator should aim to maintain total alkalinity around a
minimum desired concentration to achieve the target pH setpoint
dictated by the organism’s biological preference and the minimization
of off-gassing. The exact media formulation to achieve this target total
alkalinity and pH combination is a function of the desired state of the
equilibrium system and the anticipation of how biological growth will
interact with it. The large number of factors at play including current
environmental conditions, the strain under study, and nutrient history of
the cells, demonstrate the importance of targeted experimentation to
identify influences of nitrogen source on alkalinity and the tightly
coupled CUE in pH-feedback systems. Model additions including dy-
namics due to photosynthetic growth, as well as organic contributions to
total alkalinity may improve result fidelity and should be incorporated
into an experimental validation study. This work indicates that high CUE
could be achieved for near neutral pH cultivation, with careful consid-
eration of the nutrient formulation and resulting alkalinity of the media,
for a fast growing algal strain in a high CTE system, suggesting an
operational space that to our knowledge has not been experimentally
explored and reported previously.
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