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Abstract Economic and ecological reasons cause the indus-
try to develop new innovative bio-based processes for the
production of oil as renewable feedstock. Petroleum resources
are expected to be depleted in the near future. Plant oils as sole
substituent are highly criticized because of the competitive
utilization of the agricultural area for food and energy feed-
stock production. Microbial lipids of oleaginous microorgan-
isms are therefore a suitable alternative. To decrease produc-
tion costs of microbial lipids and gain spatial independence
from industrial sites of CO2 emission, a combination of het-
erotrophic and phototrophic cultivation with integrated CO2

recycling was investigated in this study. A feasibility study on
a semi-pilot scale was conducted and showed that the cultiva-
tion of the oleaginous yeast Cryptococcus curvatus on a 1.2-L
scale was sufficient to supply a culture of the oleaginous
microalgae Phaeodactylum tricornutum in a 21-L bubble
column reactor with CO2 while single cell oils were produced
in both processes due to a nutrient limitation.

Keywords Cryptococcus curvatus .Phaeodactylum
tricornutum . Process coupling . Lipid production

Introduction

Concerns about the increasing emissions of greenhouse gases
and the resulting global warming and the need to reduce our
dependence from petroleum force the industry to develop
innovative bio-based industrial processes with reduced CO2

emission (Lee et al. 2002). The substitution of petroleum is a
long-term objective not only because of its importance as fuel
for the transport sector, but it is also a main raw material for
oleochemicals (Carlsson 2009). The introduction of plant-
based first generation biofuels is increasingly criticized be-
cause of the rising competition between agricultural produc-
tion for the food and for the energy sector. Against this
backdrop, single cell oils from microorganisms seem promis-
ing substitutes. Heterotrophic oleaginous microorganisms are
able to convert a carbon source, which is available in excess,
into storage lipids inside the cells as soon as a concurrent
nitrogen limitation stops cell growth. Advantages of such a
microbial lipid production compared to petroleum production
or agricultural production of plant oils are the independence
from the season and from the location. However, oleaginous
microorganisms require an organic carbon source. Microalgae
fix CO2 and contribute to CO2 sequestration. Moreover, they
can accumulate lipids to high specific contents up to more
than 80 % of their dry weight (Spolaore et al. 2006; Tredici
2010). And most importantly, growth and lipid accumulation
are more efficient than that of higher plants, which are culti-
vated as feedstock for biofuel production (Chisti 2007).

The establishment of economic processes for the produc-
tion of microbial oil requires energy-efficient and cost-
effective strategies. While algae harvesting and cell disruption
of the resistant yeast cells are main cost drivers in downstream
processing (Cerff et al. 2012; Chisti and Moo-Young 1986),
the cultivation itself offers great potential for optimization.
CO2 is generally assumed to be available for free in
phototrophic processes as shown by studies assessing the
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economic viability (Singh et al. 2011). It can potentially be
obtained from the flue gas of power plants (Brennan and
Owende 2010), but its nitrous gases and sulphur oxides can
entail negative effects on growth rates and volumetric produc-
tivity of algae (Lee et al. 2002). Moreover, optimal locations
of plants for microalgae fuel production are often remote and
distant from industrial sites of CO2 emission (Ratledge and
Cohen 2008). In consequence, Feron and Hendriks (2005)
suggest that a price in the range of 0.15 to 0.20 US$/kg should
be attached to CO2 to account for the cost of its capture and
transport. With a demand of approximately 1.8 kg CO2 for the
production of 1 kg algae dry matter, this imposes cost on the
process in a dimension that cannot be neglected.

In contrast to a complete Life Cycle Assessment (LCA),
the study was conducted to investigate requirements and
implications of the combination of a heterotrophic process
and a phototrophic process with the purpose of producing
single cell oils. Thereby, the heterotrophic process supplies
the algae with CO2; thus, phototrophic conversion leads to a
lower emission of CO2. On the other hand, the phototrophic
lipid production benefits from the cost reduction in terms of
the carbon source, but at the same time also gains indepen-
dence from industrial plants in terms of location.

Cryptococcus curvatus is well-known oleaginous yeast,
simple to cultivate in bioreactors with high growth rates,
high lipid yields and cultivation duration of maximum
6 days. It was first isolated in 1978 by Moon and Hammond
(1978) from cheese plant floors and floor drains during fer-
mentation experiments on lactose. The lipid composition is
similar to that of palm oil with high amount of oleic acid
suitable for applications as biodiesel (Hassan et al. 1994).
C. curvatus is able to convert several various carbon sources
into fatty acids (Hassan et al. 1994), e.g. glucose, galactose,
cellobiose, sucrose and lactose, and converts even waste sub-
strates like whey as carbon and nitrogen sources (Ratledge and
Cohen 2005). Phaeodactylum tricornutum, on the other hand,
is suited as oleaginous microalgae since the organism accu-
mulates lipids up to high specific contents. It grows with high
growth rates at nutrient replete conditions and showed reason-
able photosynthetic efficiency when nutrients were limiting
(Dillschneider et al. 2013). Extensive research has been per-
formed with P. tricornutum as a model organism, also because
it is an interesting producer of polyunsaturated fatty acids,
such as eicosapentaenoic acid (Yongmanitchai and Ward
1991).

Materials and methods

Microorganisms and culture medium

C. curvatus (ATCC 20509) was obtained from the American
Type Culture Collection. P. tricornutum (SAG 1090-1a) was

obtained from the Culture Collection of Algae (SAG),
University of Göttingen, Germany.

The culture medium for the fermentation of the yeast was
formulated on a phosphate buffer at pH 5 (8.99 g/L KH2PO4

and 0.12 g/L Na2HPO4·2H2O). The medium constituents were
0.1 g/L sodium citrate (C6H5O7Na3·2H2O), 0.1 g/L yeast ex-
tract, 0.2 g/L MgSO4·7H2O and 18.9 g/L (NH4)2SO4. The
initial culture was supplemented with 2 mL trace elements
solution (4 g/L CaCl2·2H2O, 0.55 g/L FeSO4·7H2O, 0.475 g/
L citric acid, 0.1 g/L ZnSO4·7H2O, 0.076 g/L MnSO4·H2O,
100 μl 18 M H2SO4) and 1 mL salt solution (20 g/L
MgSO4·7H2O, 10 g/L yeast extract) per 100 mL cultivation
medium. The two former mentioned solutions were supple-
mented once a day to the culture broth during the whole
cultivation time in the bioreactor. Glucose was fed via a stock
solution with 500 g/L; initial glucose concentrationwas 50 g/L.

The first preculture was prepared in 20 mL medium in
100-mL conical shake flasks and was inoculated with
100 μL glycerol stock culture (15 % w/w, stored at −80 °C).
The second preculture was prepared from the first preculture
in 200 mL culture medium in 2-L shake flasks with an initial
OD600 of 1. Both precultures were incubated at 28 °C with
120 rpm for approximately 24 h.

The culture medium for the phototrophic process was
originally published by Mann and Myers (1968). The follow-
ing modifications were made: NaCl concentration was 27.0 g/
L, K2HPO4 concentration was 0.15 g/L and MgSO4·7H2O
was reduced to a final concentration of 0.6 g/L. 30 mg/L
Na2SiO3·5H2O were added. In order to attain a nitrogen
limitation early in the process, the NaNO3 concentration was
adjusted to 0.4 g/L. Tris buffer was present in the preculture
medium but otherwise omitted in order to prevent growth of
heterotrophic organisms (Fábregas et al. 1993). All chemicals,
purchased from Carl Roth, were of analytical grade (p. a.).

The inoculum for the experiments was cultivated in shak-
ing flask cultures incubated at 21 °C for 3 weeks with LED
illumination adjusted to a PFD of 150 μmol/(m2·s). The pH of
the preculture medium was adjusted to pH 7.5. During the
process the pH was controlled at pH 7.7 as described below.

Set-up of the integrated bioprocess

The set-up of the integrated bioprocess is depicted in Fig. 1.
The left side shows the 2.5-L stirred tank reactor (Infors
Minifors) with 1.2 L liquid culture initial culture medium for
the cultivation of the yeast C. curvatus. After inoculation, the
initial OD600 was 1. Mixing was achieved by stirring with a
rotation speed of 600 rpm. The cell suspension was aerated
with compressed air at an aeration rate of 1 vvm and a slight
overpressure of maximum 2×104 Pa. The pH was set to pH
5.0 by controlled addition of 4 M H3PO4 and 4 M NaOH in
the bioreactor. Contraspum A 4050 HAC (Zschimmer und
Schwarz) was applied as antifoam agent. Initial glucose

7794 Appl Microbiol Biotechnol (2014) 98:7793–7802



concentration was 50 g/L. Each day, the glucose was mea-
sured and was replenished to a maximum concentration of
120 g/L if it was depleted in the culture.

The exhaust gas from the yeast bioreactor was filtered with
a sterile filter (Millex-FG, 0.2 μm, Millipore) and directly fed
into the photobioreactor. The latter was an annular bubble
column reactor consisting of a 1.3-m long glass cylinder with
0.3 m diameter. The inner cylinder—made from stainless
steel—contained the cooling water circulation system. The
temperature was controlled at 21 °C. Before inoculation, the
reactor was autoclaved with a SIP steam generator (DG 7/6,
Zirbus) and filled under sterile conditions with the medium,
which was separately autoclaved (Vakulab, MMM Group).
The pH of the media was adjusted to pH 10.3 with NaNO3

prior to autoclaving but decreased in the course of the culti-
vation due to saturation with CO2. The pH was measured by
an Easyferm Plus 425 Sensor (Hamilton) and controlled at pH
7.7. pH-control was implemented by addition of 4 M NaOH
and CO2 by the additional mass flow controller (shown in
Fig. 1) which was integrated to supply the algae culture with
CO2 in case the volume fraction in the off-gas of the yeast
culture was not sufficiently high. To account for fluctuations
in the volume fraction of CO2, dead zones of the pH-controller
were +0.5 and −0.3.

The volume fractions of O2 and CO2 in the off-gas were
analyzed by an off-gas analyzer (Multor 610, Maihak). The
annular column reactor was illuminated with 76 halogen
spotlights (Decostar 20 W, Osram) which were adjusted cir-
cularly around the reactor so that the illumination was as
homogenous as possible. The photon flux density amounted
to 250 μE/(m2·s).

Biomass concentration

Yeast dry biomass was analyzed gravimetrically. A 1 mL
aliquot of the culture fluid was transferred into a predried

and preweighed 1.5-mL reaction tube and centrifuged at
13,000 rpm for 5 min. The supernatant was collected and used
for the determination of glucose and NH4

+. The cell pellet was
washed with 800 μL saline (0.9 % NaCl), dried at 60 °C for
24 h and weighed.

Algae biomass concentration was determined by spectro-
photometry. The absorbance was measured with a T60 U
spectrophotometer (PG Instruments) at 750 nm, and the cal-
culation of biomass concentration was based on a correlation
factor of 0.376 g dry biomass/OD750 nm. The correlation
factor was obtained from a calibration with six duplicate
samples of 10 mL. The suspension was centrifuged, the pellet
was washed, frozen and freeze-dried (ALPHA 1–2 LDplus,
Christ). The weight of the dried biomass samples was deter-
mined gravimetrically.

Glucose concentration

Glucose was enzymatically measured in the supernatant of
centrifuged samples for biomass concentration measurement
with the D-Glucose kit (R-Biopharm). Glucose was measured
in triplicate using microtiter plates.

Ammonium concentration

Ammonium concentration was measured photometrically
with the Spectroquant kit (Merck) in the supernatant of sam-
ples for the measurement of biomass concentration. The assay
was downsized to 300 μL per sample and measured in micro-
titer plates in triplicate.

Nitrate concentration

Nitrate concentration in the supernatant of samples were mea-
sured by ion chromatography (882 Compact IC plus,
Metrohm) equipped with a conductivity detector (Metrohm).

Fig. 1 Process flow chart of the integrated bioprocess
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Samples were automatically diluted (1:10) and injected by an
autosampler unit (Professional Sample Processor 858). The
device was equipped with a Metrosep A Supp 5 column
(Metrohm) consisting of polyvinyl alcohol with quaternary
ammonium groups. The elution buffer consisted of 3.2 mM
Na2CO3, 1.0 mM NaHCO3 and 12.5 % (v/v) acetonitrile in
water.

Lipid quantification

Fatty acid concentrations and total lipid content were mea-
sured in a gas chromatograph (Agilent 6890N, Agilent
Technologies) equipped with a 30-m DB-Wax column (l:
30 m d: 0.25 mm; Agilent Technologies) and FID detector.
For sample preparation duplicates of 20 mg freeze-dried bio-
mass samples were transesterified according to the method
described by Meesters et al. (1996), but using hexane instead
of chloroform. Methyl benzoate (FLUKA) was added as
internal standard to a final concentration of 0.5 mg/mL in
the lipophilic phase. The temperature program consisted of
heating up at a rate of 8 °C/min starting from 40 °C. Final
temperature was held at 250 °C to the end of the measurement.
The analytical standards Marine Oil FAME Mix (Restek) and
AOCS No. 3 (RM-3, Supelco) were used for calibration and
fatty acid identification.

Due to the lower biomass concentration, algae lipid quan-
tification was performed with a combination of nile red (9-
diethylamino-5H-benzo[a]phenoxazine-5-one, Sigma-
Aldrich) staining and fluorescence measurement and
calibration with data gained from gas chromatography. The
protocol was described in Dillschneider et al. (2013).

Exhaust gas composition

The volume fraction of O2 and CO2 in the exhaust gas was
analyzed with a Multor 610 System (Maihak).

Results

Fatty acid profiles of the oleaginous microorganisms

The fatty acid profiles of both production strainswere analyzed
in order to state possible industrial applications of the micro-
bial oil. The fatty acid profiles are presented in Fig. 2. The fatty
acid profile of the microalgae P. tricornutum (Fig. 2b) contains
45 % palmitoleic acid (C16:1) as the main component follow-
ed by palmitic acid (C16:0) with 25 %. Apart from that,
docosahexaenoic acid (C20:5) and oleic acid (C18:1) with
8.9 and 7.6 %, respectively, show interesting amounts.
Myristic acid (C14:0), linoleic acid (C18:2) and arachidonic
acid (C20:4) are rather negligible with less than 5 %.

Concerning the yeast C. curvatus (Fig. 2a), the main com-
ponent of the stored lipid is oleic acid (C18:1) with 48.8 %.
Palmitic acid (C16:0) and stearic acid (C18:0) reached values
of 18.5 and 17.7 %, respectively. Linoleic acid (C18:2) with
8.6 % and lignoceric acid (C24:0) with 3 % were less repre-
sented. Myristic acid (C14:0), linolenic acid (C18:3),
arachidic acid (C20:0) and behenic acid (C22:0) are negligible
with less than 1 % of total fatty acids.

Preliminary study: characterization of the cultivation
of C. curvatus

In order to plan a possible set-up for the combination of the
yeast and algae cultivation considering the different cultiva-
tion durations, preliminary experiments with the oleaginous
yeast C. curvatus were investigated to examine the course of
the exhaust gas CO2 and its influence to carbon deprivation.
The cultivation results of C. curvatus in a 2.5-L bioreactor are
presented in Fig. 3. Figure 3a shows an overview of the lipid
production process. The growth rate of biomass was maximal
until the nitrogen source was totally consumed. The nitrogen
limitation was reached after 35 h. After 40 h, the growth curve
leveled off and the cells started to accumulate lipids. Figure 3b
illustrates the course of the emitted gas CO2. Until the maxi-
mal growth rate, the CO2 increased to a maximum value of
1.49% and leveled off continuously up to 1% at the end of the
cultivation. However, as soon as the glucose concentration
reached a value of 0 g/L, the CO2 value dropped down
immediately. As soon as new glucose was added, the CO2

increased again immediately up to the value which was

Fig. 2 Fatty acid profiles of the microalgae Phaeodactylum tricornutum
(a) and the yeast Cryptococcus curvatus (b)
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measured before glucose deprivation. O2 and dissolved oxy-
gen (pO2) (data not shown) ran counter-rotating to CO2. As
soon as glucose was consumed, the values for O2 and pO2

increased immediately and decreased again as soon as new
glucose was added. One further interesting aspect is the res-
piration coefficient during the process of the microbial lipid
production, an online indicator for the metabolic state. The
RQ value was calculated according to Eq. (1) and is shown in
Fig. 3b.

RQ ¼
V CO2ð Þ

t
V O2ð Þ

t

ð1Þ

As it was to be expected (Varma and Buscot 2005), the RQ
value increased up to a maximum value of 1 at the time of the
maximal growth rate during the growth phase on glucose. It is
a parallel course compared to the production of CO2. After
approximately 40 h, when lipid production started, the RQ
value started to increase above 1 up to 1.3 and fluctuated
between those two values until the total consumption of
glucose was reached. At this time point, the RQ decreased
immediately to values below 1. During the glucose depriva-
tion phase up to the end of the process, the RQ value

decreased to minimum values of 0.25. Summing up, the
course of the RQ value could be used as an indication of the
lipid production phase in oleaginous yeasts.

Process integration—combination of the heterotrophic
and phototrophic processes

The heterotrophic and phototrophic processes were set up as
described before. The yeast cultivation was conducted in a
repeated fed-batch mode. C. curvatus was growing exponen-
tially until day 1.5 where nitrogen limitation occurred for the
first time and lipid accumulation started (Fig. 4). Afterwards,
the culture was fed every day with a glucose solution to supply
the culture with the carbon source to sustain lipid synthesis. At
day 5, the culture reached a biomass concentration of 76.2 g/L
and lipid concentration was 34.5 g/L when the first harvesting
of biomass was conducted. One liter of the culture suspension
was harvested and the same volume of fresh culture medium
was supplied and glucose was added to a maximum value of
100 g/L. Therewith, a biomass concentration of 15.1 g/L was
remaining in the culture suspension to continue metabolizing
the carbon source and hence incessantly supply the algae
culture with CO2. At this point, the yeast cells were also
provided with ammonium. Renewed availability of the nitro-
gen source led to the cessation of lipid production, but

Fig. 3 Cultivation of the oleaginous yeast Cryptococcus curvatus in 2.5-
L bioreactor. a Lipid percentage WL(%) (filled triangles), biomass con-
centration Cx (filled circles), glucose concentration CGLC (open

diamonds)b Online data (solid line) : volume fraction of CO2 in the
exhaust gas χCO2

. Calculated data (dashed line): respiration coefficient
RQ[−]; Arrows indicate begin of nitrogen limitation
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adaption to a new growth phase of the yeast cells. The max-
imal volumetric productivity in this second cycle was slightly
smaller than in the first cycle. During this exponential growth
phase, the mass fractions of lipids in biomass decreased from
initially 45.3 % to a minimum value of 18.2 %. When the
culture entered again, the nitrogen limitation, a rapid switch to
lipid production occurred. Lipids were then accumulated to a
maximum value of 39.3 % before the second harvest was
performed. Like in the first cycle, the intermittent glucose
feeding was continued throughout the process until it was
stopped at day 15. In the third cycle, the lipid content de-
creased first from 39.4 to 17.5 % during the growth phase and
afterwards reached a maximum lipid content of 34.3 %.

From the comparison of the yield coefficients (lipid syn-
thesis related to glucose consumption) as shown in Table 1,
one can conclude that the lipid yields decreased slightly from
0.13 to 0.09 from the first to the third cycle. The values for the
lipid production rate QL show a similar trend, because with an
initial value 0.36 g/(L·h) in the first cycle they subsequently
decrease to 0.21 g/(L·h) in the second and third cycle.

The phototrophic process was supplied with CO2 through-
out the entire process by the exhaust gas from the yeast
culture. The only exceptions were the time points of harvest-
ing. At these time points, the pH value in the culture suspen-
sion of the phototrophic process reached the upper limits of
the pH-controller which were defined as described in the

section “Set-up of the integrated bioprocess”. The controller
action then prevented the pH value from increasing more and
supplied CO2 from a pressure cylinder through the action of a
mass flow controller. At these harvesting points, CO2 had to
be supplied from the external source for about 100 min with a
flow rate of 2.8 mL/min (average value) during the start of the
second cycle of yeast growth. Similarly, CO2 with an average
flow rate of 4.1 mL/min had to be supplied for ca. 180 min at
the start of the third cycle.

The phototrophic culture of P. tricornutum showed expo-
nential growth during the first 7 days after a short initial lag
phase. At day 7, the nitrate in the culture medium was
completely consumed and lipid accumulation started.
Biomass was ca. 1 g/L at the onset of the nitrogen limitation.
An early limitation at low concentrations of biomass was
aimed at during the planning stage of the experiment in order

Fig. 4 Process integration by
combination of the heterotrophic
and phototrophic process. a
Phototrophic process. b
Heterotrophic process. Biomass
concentration cX (filled circles).
Lipid concentration cL (open
triangles). Nitrate concentration
cNO−

3
in the photobioreactor

(open squares). Ammonium
concentration cNHþ

4
in the yeast

bioreactor (open circles). Online
data (solid line): volume fraction
of CO2 in the exhaust gas χCO2

pH value in the photobioreactor
(dashed line). Arrows indicate
temporary supply with additional
CO2 from an external source

Table 1 Yield coefficients and volumetric lipid production rates of the
heterotrophic repeated fed-batch process of oleaginous yeast Cryptococ-
cus curvatus

Cycle number 1 2 3

Yx/s 0.3 0.34 0.29

Yp/s 0.13 0.11 0.09

QL(g/(L·h) 0.36 0.21 0.21
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to shorten the process duration. In the following days, the
biomass growth curve showed a linear evolution and storage
lipids accumulated in this phase. Biomass increased to a final
value of 2.3 g/L at day 15. The lipid concentration increased
from initially 0.2 g/L at the onset of the nutrient limitation to
ca. 1.0 g/L at the end of the process. Taking into account, the
liquid volume of the reactor, which was 21 L, about 48 g
biomass and ca. 21 g lipids were gained from the reactor at the
relatively low light intensities which were impinging on the
reactor surface.

The volume fraction of CO2 was measured in the exhaust
gas of the photobioreactor. Therewith, the signal comprises
the CO2 emission caused by the yeast respiration and also the
effect of CO2 uptake of the algae. It was low in the beginning
of the cultivation and increased subsequently with exponential
growth of the yeast. A maximum value of ca. 2 %was reached
at the onset of the first nitrogen depletion where metabolic
rates slowed down compared to nutrient-replete growth. At
the end of the first lipid accumulation phase, the volume
fraction dropped below 1 %. In the subsequent two cycles,
maximal values of 2.4 and 1.9 % were reached. Even though
the variation of the volume fraction of CO2 in the gas stream
was considerable, it never fell below a value of 1 % except for
the time points of harvesting. Therefore, CO2 limitation was
prevented throughout the entire process and the phototrophic
process could be sufficiently supplied with CO2 by the het-
erotrophic yeast culture.

Due to the considerable changes in the volume fraction of
CO2 in the gas stream entering the phototrophic reactor mod-
erate changes in the pH value in the algae culture suspension
occurred. The latter varied in a range between pH 7.5 and pH
8.2. Further variation of the pH was prevented due to the pH-
controller settings. During the harvesting process of yeast and
the subsequent adaption period, the CO2 flow temporarily
decreased slightly so that the pH temporarily reached a value
of pH 8.2, where additional CO2 was added for a short period
as described above.

Discussion

Fatty acid composition and suitability for biodiesel production

In general, C16 and C18 fatty acids are well suited for the
production of biodiesel. Those kinds of fatty acids are main
component of plants used for biodiesel production (Ma and
Hanna 1999) which fit well with the profiles of C. curvatus as
well as that of P. tricornutum. Hence, microbial oil from those
two strains can be used for the production of biodiesel.
However, biodiesel from microbial oils cannot yet compete
with those from plant oils. In addition to the use as biodiesel,
the vast amounts of different fatty acids in the described

process can find applications in other industrial sectors. The
main fatty acid in the microalgae, palmitoleic acid, is known
to prevent brain disease, cerebra- and cardiovascular diseases
and enhances the function of vascular smooth muscle cells
and can also be applied in the therapy against obesity.
Therefore, this fatty acid can find novel and valuable uses in
human nutrition and medicine (Yamori et al. 1986; Matsunaga
et al. 1995; Yang et al. 2011). Oleic acid, the main fatty acid in
the yeast lipid, finds application as lubricant, for cosmetics
and cleaning agents, as food addition and for biodiesel pro-
duction (Yin et al. 2009; Liebert 1987). Palmitic acid which is
found in high concentrations in both cell types, is used for the
production of biodiesel, soaps, cosmetics, lubricants, release
agent and food additions (Carmo Jr et al. 2009; Liebert 1987).

Challenges of the process integration

The coupling of algae and yeast cultivation has been already
described by Puanbut (Puanbut and Leesing 2012), but those
results are based on shaking flask cultivations and the exhaust
gas of the yeasts was supplemented by air flow. In contrast,
this study focuses on the development of a scalable process
strategy that is feasible to supply algae cultures with CO2.
Furthermore, the study investigates on challenges and solu-
tions with regard to an entirely automated process for biodie-
sel production with both organisms. The challenge of the
process integration in order to achieve CO2 recycling was
the adaptation of the diverging process duration of heterotro-
phic cultivations and phototrophic processes. Since yeast
grows on average with a growth rate of 0.4 h−1 and therewith
attains about 10 doublings per day algae usually attain signif-
icantly lower growth rates in the range of 1 day−1 for fast
growing species. Another significant difference is that
phototrophic processes are light dependent and the exponen-
tial growth is limited to low biomass concentrations due to
shading of the cells. Once light is limiting the culture growth
more or less linearly.

One possibility to match process durations to achieve con-
stant supply of the algae cultures with CO2 would be the
implementation of time delayed independent yeast
bioprocesses. In such a set-up, several yeast bioreactors are
started at different time points, and in phases of peak meta-
bolic turnover, the exhaust gas could be connected with the
photobioreactor. A switch would allow using the exhaust gas
of the next bioreactor when a limitation occurs in one biore-
actor. The obvious disadvantage of such a process would be
the high investment required for the implementation.

The other option was a repeated fed-batch process which
was conducted. The advantage of such a repeated fed-batch is
the possibility to reduce the set-up and maintenance time
because the bioreactor does not have to be cleaned and newly
autoclaved after each batch process. Instead, just fresh medi-
um needs to be added (Zhao et al. 2011). This strategy
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contributes to cost reduction in terms of cost of operation and
besides reduces disbursement for the initial investment of the
plant. Furthermore, studies have demonstrated that
C. curvatus can attain higher lipid rates when cultured in a
fed-batch process (Zhang et al. 2011).

Another challenge was the approach of changing volume
fractions of CO2 in the gas stream. Through the chemical
equilibrium of dissolved CO2, hydrogen-carbonate and car-
bonate changing partial pressures of CO2 affect the pH in
solution (Camacho Rubio et al. 1999). This problem could
be avoided in principle by the combination of a continuous
yeast process and an autotrophic algae process. However, such
a strategy was not feasible in the here presented study, since
the objective was the production of lipids in both process
stages. The approach to deal with the changing CO2 partial
pressures was a pH-control in the photobioreactor that allows
for minor variations of the pH due to a defined dead band of
the controller.

Nevertheless, the mere adaptation of the pH-control in the
photobioreactor is not sufficient to achieve constant supply of
the algae cultures with their C-source. Therefore, the prelim-
inary experiment was conducted in order to analyze the CO2

emission in a yeast bioprocess producingmicrobial lipids. The
study was important to align the yeast process with the need of
a relatively constant CO2 release in the exhaust gas. One basic
necessity for continuous respiratory activity and additionally
for the lipid production in yeast was that the carbon source has
to be available in excess. This necessity entails that the carbon
source is regularly added. On the other hand, a maximal
concentration of 120 g/L should not be exceeded because of
substrate inhibition (Zhang et al. 2011). An exhaustion of
glucose leads to an immediate decrease of CO2 in the exhaust
gas and needs to be avoided in the integrated process. Other
than in the presented work, an automatic glucose feed could
be installed to avoid such declines of CO2. Control of the
glucose feed could be achieved by feeding of glucose as soon
as the CO2 value decreases immediately. A rapid increase of
the partial pressure of oxygen pO2 in the culture suspension
could also be used as a controlled variable since it indicates
declining respiratory activity. The latter would be advanta-
geous because other than CO2 emission, which is measured in
the exhaust gas of the phototrophic process, the pO2 can easily
be measured independently of the second process stage. An
automatic calculation of the RQ value with the online-
measured values O2 and CO2 in the exhaust gas could be used
as a direct indicator. Once an RQ value of 1 is reached, a
decrease (RQ <1) could mean that the carbon source is
exhausted, whereas an increase (RQ >1) depicts the lipid
production phase.

Complementary to the here presented process strategy a
semi-continuous fed-batch process with more frequent har-
vesting might be implemented for the heterotrophic process
stage. It was shown that the two harvesting events had the

strongest impact on the CO2 partial pressure. More frequent
harvesting of smaller volumes would lead to a more constant
CO2 volume fraction and peaks could be dampened.

Plant dimensioning

On an unclouded summer day, peak production rates of a
photo-bioprocess are expected and should be in the range of
50 g/(m2·d) according to Tredici (Tredici 2010). With a look
at the carbon balance, a yield coefficient for biomass synthesis
based on CO2 consumption of 0.55 g/g can be expected. For
the underlying calculation, a carbon content of 50 % was
assumed (Schlagermann et al. 2012). This would result in a
CO2 requirement of 91.5 g/(m2·d) for idealized conditions.

With the assumption of a yield factor of 0.5 g/g for aerobic
growth of the yeast with glucose as a carbon and energy
source (Babel et al. 1983) and a carbon content of roughly
50 % (Simmonds 1919), one can calculate that 37.5 % of the
glucose is completely oxidized in the catabolism to generate
ATP and reduction equivalents for growth. Therewith, 1.1 g
CO2 are released per 1 g biomass synthesized in the hetero-
trophic process. This value depends on the carbon source,
which is supplied in the culture medium and will be different
if the yeast metabolizes another carbon source, such as e. g.
the cheaper feedstock glycerol. Also, the accumulation of
lipids affects the carbon content of biomass. However, the
underlying assumptions give good approximations to estimate
the minimum dimensioning of the yeast culture. Minimum
volumetric productivities amounted to 21 g/(L·d) as depicted
in Table 1. That corresponds to a CO2 release of 23.1 g/(L·d).

As shown above, heterotrophic fermentation and
phototrophic production are coupled stoichiometrically with
a postulated CO2 consumption of 91.5 g/(m2·d). That requires
for the presented cultivation conditions, a heterotrophic reac-
tor volume of 40 m3 to supply CO2 for an optimized algae
biomass production plant of 1 ha size. Beside the absolute
amount, also, the concentrations are of importance. In the
presented measurements, an off-gas concentration of about
3 % was obtained, while industrial production reactors reach
about 10 % of CO2. That is the range for which
photobioreactors are usually designed in terms of mass trans-
fer. The off-gas contains about 1 % of CO2 according to the
required partial pressure in the fluid phase, while the main part
is converted to O2. While absolute amount and concentration
of the gases are in the right range that consequently holds also
for the absolute gas volume, so, a dilution, splitting or con-
centration of the gas stream is not necessary. A complete
recycling of the gas phase between both reactors is possible
assuming an adjustment of the mass transfer in the respective
reactors will keep the system at the optimized working point
during the hourly changing conditions. In future develop-
ments, also, an increase of CO2 and O2 on cost of N2 content
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in the respective parts of the gas phase could be envisaged
leading to a further process intensification.

In the experimental set-up, the yeast reactor was smaller by
a factor of ca. 3.3 compared to the dimensioning calculated
from stoichiometry. The photobioreactor exhibited an illumi-
nated surface area of ca. 1 m2 and the liquid volume of the
heterotrophic process was 1.2 L. Nevertheless, the heterotro-
phic process was capable of supplying the algae with suffi-
cient CO2 because the impinging photon flux density with
250 μE/(m2·s) was low compared to peak intensities found
under outdoor conditions.

In summary, it can be stated that dimensioning of the plants
requires consideration of several factors. Most important
points are the mass transfer coefficients in both reactors and
the peak sunlight intensities which determine the CO2 require-
ment of the algae.

Potential benefits of the overall process

CO2 is often regarded as a free resource and this assumption
often underlies assessments of the economic viability of bio-
diesel production with microalgae (Singh et al. 2011). It can
potentially be obtained from the atmosphere, from the flue gas
of power plants, from the by-product streams of other indus-
trial plants or from soluble carbonates (Brennan and Owende
2010). Atmospheric partial pressures are usually too low and
allow only for growth with reduced growth rates due to
underlying kinetic coherences (Galloway et al. 1964;
Doucha and Lívanský 2009). The suitability of flue gas is
controversial (Clarens et al. 2010). Experiments were pub-
lished that have shown a negative impact of nitric oxides and
sulphur oxides on growth rates and the volumetric productiv-
ity of microalgae (Lee et al. 2002). In other experiments, the
tolerance of limited contents of nitric oxides and sulphur
oxides was demonstrated (Brown 1996). Even though the
sequestration of CO2 emissions from power plants or other
industrial plants is desirable, their location is often remote
from potential locations of microalgae production facilities.
Due to the specific requirements in terms of climate and price
of land, optimal locations are often distant from urban areas or
industrial bases (Ratledge and Cohen 2008). Consequently,
the transport of CO2 to the site of its consumption would be
necessary and increase the costs of operation of the biomass
production (Feron and Hendriks 2005; García Sánchez et al.
2003). Beneman et al. (1987) estimate that—depending on the
scale—the costs of CO2 could amount to 7 to 16 % of the cost
of operation of a plant. Richardson et al. (2010) estimate with
costs of CO2 at 0.15 to 0.20 US$/kg. With an annual produc-
tion of 80 t/(ha·a), which is aimed at Wijffels and Barbosa
(2010), potential savings of up to 30,000 US$/(ha·a) can be
achieved only for the sequestered CO2. This calculation does
not even comprise the losses of unexploited CO2 in the off-gas
because a concentration difference needs to be sustained to

obtain sufficient mass transfer from the gaseous phase into the
liquid phase. The exact calculation of the cost saving potential
would require exact knowledge of the mass transfer coeffi-
cient, which can substantially vary between different reactor
designs and set-ups.

In summary, it can be stated that independence from sites of
CO2 emission can be achieved by the scale-up of the integrat-
ed bioprocess with the combination of heterotrophic cultiva-
tion of yeast and CO2 recycling in a phototrophic process.
Moreover, a significant cost saving potential can be accessed
so that process integration can significantly improve the eco-
nomic viability of biodiesel production with oleaginous mi-
croorganisms. However, further process scale-up experiments
are required to demonstrate a viable process strategy on eco-
logical scale.
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