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ABSTRACT

The effect of dissolved oxygen concentration on lipid accumulation in Trichosporon
oleaginosus has been investigated. The experiment was performed in 15 L fermenters.
The dissolved oxygen concentration varied by adjusting the agitation and aeration.
High dissolved oxygen level at 50%-60% enhanced cell growth. Maintaining low
dissolved oxygen concentration at 20%-30% during lipogenesis phase led to high
final lipid content (51%) in Trichosporon oleaginosus. The consumptions of energy

and cost of the process were evaluated. The energy consumption in the dissolved
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oxygen level optimized process was 41% less than that with dissolved oxygen level at
50%-60%. In addition, the cost was also reduced around one time in the dissolved
oxygen level optimized process compared to the one with dissolved oxygen level at
50%-60%. The study provided a feasible way of enhancing lipid accumulation in
Trichosporon oleaginosus and reducing the consumption of energy and cost of lipid

production from Trichosporon oleaginosus.

Keywords: lipid accumulation; lipid content; dissolved oxygen concentration;

energy balance; cost.

1. Introduction

Lipid production from oleaginous microorganism has been given increasing
attention due to its similar properties with plant seed oils, which is currently utilized
as biodiesel production feedstock. The final lipid content in the oleaginous
microorganismis a critical factor to determine the feasibility of the biodiesel
production from oleaginous microorganism. Hence, lipid accumulation maximization
has been the main focus of lipid production from oleaginous microorganism. It has
been reported that the cultivation medium and cultivation conditions had significant
impact on the lipid accumulation.

Cultivation medium composition highly impact on the lipid accumulation of
oleaginous microorganism. Studies revealed that suitable carbon to nitrogen (C/N)

ratio could greatly enhance the lipid accumulation (Calvey et al. 2016, Huang



Yingying et al. 2018b). Generally, high carbon to nitrogen ratio improved lipid
accumulation. Calvey et al. (2016) reported that Lipomyces starkeyi stored double
amount of lipid at C/N of 72:1 compared to that at 24:1. There are also reports on
enhancing lipid accumulation by providing nitrogen limit cultivation condition (Fu et
al. 2017, Chen Yixiong et al. 2018d, Huang Yingying et al. 2018b). In fact, it is the
similar strategy as proving high C/N ratio during cultivation to increase lipid content
in the microorganisms. Moreover, other nutrients such as phosphorus and silica could
also affect on the lipid accumulation (Guo et al. 2018, Huang Xiangfeng et al. 2018a).
Trace elements played significant role in the lipid accumulation in microorganisms
(Ren et al. 2014, Leong et al. 2018). Among all, iron is the most studied one. It was
reported that the lipid productivity increased along with the increase of iron
concentration till the concentration reached 1.2 mg/L. In addition, Mg has showed
remarkable effect on lipid accumulation (Bellou et al. 2016, Kim et al. 2016). It was
predicated that trace elements could stimulate the cell division as well as affect the
enzymes which could promote the lipid accumulation. The type of substrate employed
in-the fermentation led to different maximum lipid content even for the same strain
(Zhang et al. 2014, Zhang et al. 2017).

Apart from cultivation medium composition, fermentation conditions are
important as well. The pH, temperature, and dissolved oxygen (DO) are the mostly
controlled parameters during fermentation. The pH and temperature are normally
strain dependent. Each strain has its required optimal pH and temperature.

Trichosporon oleaginosus achieved higher lipid accumulation at pH 5-6 and 28 °C



compared to other pH value and temperatures (Capusoni et al. 2017, Chen Jiaxin et al.
2018a). The favorite pH and temperature for lipid accumulation of Cryptococcus
psychrotolerans was 6.8 and 25 ° C (Deeba et al. 2018). The optimization on the DO
during concentration has a more universal value in the application of lipid production
from oleaginous microorganism as it is less strain specific. According to the studies, it
seemed that DO was independent from strain (Calvey et al. 2016, Capusoni et al.
2017, Magdouli et al. 2018). Magdouli et al. (2018) and Capusoni (2017) found that
30% DO saturation provided highest lipid accumulation in Yarrowia lipolytica,
Rhodosporidium azoricum, and Trichosporon oleaginosus. High lipid production is
highly demanded in order to make the production of biodiesel from oleaginous
microorganism feasible. High lipid production from oleaginous microorganism is
determined by the high lipid accumulation (quality) as well as the high cell
concentrations (quantity). In the exponential phase, cells probably require high
oxygen concentration, therefore, constant low DO level may inhibit the cell division.
It would lead to the low cell quantity and thus cause low lipid production due to the
low lipid carriers.

In this study, the optimal DO concentrations for cell growth and lipid
accumulation were investigated, respectively. The selected DO was maintained during
cell division phase and lipogenesis phase to optimize the lipid production from
Trichosporon oleaginosus. The energy consumption and the cost of the lipid
production in the optimized process were evaluated and compared with the normal

process (without specific DO control).



2. Materials and methods

2.1. Strain

The employed oleaginous microorganism was Trichosporon oleaginosus
(ATCC20509). It was preserved in malt extract at 4 ° C and duplicated every 7 days

for maintaining its viability.

2.2. Cultivation medium

The medium contained 2.7 g KH,POy,, 0.95 g Na,HPO,, 0.404 ¢ NH,Cl, 0.2 g
MgS0O,-7H,0, 0.1 g yeast extract, 0.1 g EDTA, 0.04 g CaCl,-2H,0, 0.0055 g
FeSO,-7H,0, 0.0052 g citric acid-H,0, 0.001 g ZnSO,4-7H,0, and 0.00076 g MnSO,-
H,0 and 50.94 g crude glycerol in per liter medium (Chen Jiaxin et al. 2018b). The
crude glycerol was collected from biodiesel production site. The composition of the
crude glycerol was as listed: 78.52 £ 3.64% glycerol, 3.17 + 1.11% soap, 1.14 £ 0.09%
biodiesel, 11.03 + 2.54% methanol, 1.85 + 0.36% water, and 2.71 + 0.17% ash. The
pH and density of the glycerol was 8.98 and 1.184 + 0.12, respectively. As the
glycerol content in the crude glycerol was 78.52%, thus the glycerol concentration in

the medium was 40 g/L.



2.3. Fermentation

The fermentations were performed in 15 L fermenters with 10 L working volume:
The fermenters were equipped with accessories and programmable logic control (PLC)
system for controlling the cultivation conditions including the pH, dissolved oxygen
(DO) level, and temperature during fermentations. The fermentation conditions were
controlled by manipulating the software (iFix 3.5, Intellution, USA) and allowing the
integration of all parameters via PLC.

The pH and temperature were maintained at 6.5 (addition of 4M NaOH or 4M
H,SO, by the system) and 28 ° C, respectively, throughout the fermentation (Zhang et
al. 2018). The antifoam was automatically added when the foam reached the sensor.
The aeration and agitation were used to control the DO concentration (Zhang et al.

2018).

2.4. The dissolved oxygen concentration effect on the cell growth and lipid

accumulation

The specific DO value was not able to be controlled. Therefore, the range of DO
concentration or called DO level was used in this study. The DO level was adjusted at
10%-20%, 20%-30%, 30%-40%, 40%-50%, 50%-60%, 60%-70%, and 70%-80% in
the fermentations to investigate DO effect on lipid accumulation. Each DO level was

maintained throughout the fermentation. The fermentation was lasted till 72 h and the



samples were withdrawn at every 6 h for the analysis of the colony formation unit
(CFU), biomass concentration, and lipid content.

After the optimal DO levels for cell division and lipid accumulation were
selected, the fermentation was conducted under the selected DO level to maximize the
lipid production from 7. oleaginosus.

For each case, the fermentations were performed in duplicates, and all the

samples were analyzed in duplicates. The results were the average value.

2.5. Analysis technic

The cell number was estimated as following described: 1. the sample was well
mixed; 2. taking 0.5 mL of the suspension to do serial dilution with sterilized 0.5%
NaCl solution; 3. plating on malt extract agar plates; 4. incubating the plate at 28 °C
for 48 h; 5. counting the conies on the plate with conies between 30 to 300; 6.
calculating the CFU (/mL) according to the dilution times. The biomass concentration
was determined by centrifuging 10 mL of sample at 5000 rpm for 15 min, and the
resulting solid was dried at 105 ° C till weight constant. The obtained solid was the
biomass in 10 mL broth, and hence the biomass concentration (g/L) was calculated.
The lipid was extracted by two times extraction with chloroform:methanol (2:1 v/v,
1:1 v/v) under beadmilling (Zhang et al. 2018). The lipid content was calculated
according to the lipid weight in per gram dry biomass. The glycerol concentration was

measured based on the method described in our previous study (Chen Jiaxin et al.



2018b).

2.6. Energy balance study

The energy balance was performed with the same method reported in our
previous studies (Zhang et al. 2013, Zhang et al. 2016). Lipid production from
microorganism included fermentation, biomass harvesting, and lipid extraction. The
raw material utilized in the study was crude glycerol. It was assumed that the
fermentation occurred at the biodiesel production site where the crude glycerol was
generated. Therefore, no transportation would take place, and thus there was no
energy consumption. Hence, the calculation started from fermentation and ended once
the biodiesel produced. The materials and energy inputs were considered taking place
during the boundary.

The energy considered included direct and indirect energy. Direct energy
referred to the fuels and electricity consumed in the process, and indirect energy was
the energy consumed to generate the chemicals employed in the process. The energy
input from fermentation till biodiesel produced was considered as direct energy input,
and that of the chemicals was the indirect energy input. The sum of the direct and
indirect energy was the total energy input of the process. The product of the process
was biodiesel which has an energy content of 37.6 MJ/kg. The energy content in the
produced biodiesel was considered as the energy output of the process. The by-

product (residual biomass) of the process was used as credit. The net energy input was



obtained by subtracting the credit from the total energy input. The energy balance was
the difference between energy output and net energy input of the process.
The material balance was performed first, and accordingly the energy balance

was conducted.

2.7. Cost estimation

The cost of lipid production from 7. oleaginosusunder DO level optimized
condition was estimated with SuperPro Designer. The method was similar as reported
in our previous study (Chen Jiaxin et al. 2018c). The estimation was based on the
scale of 1 tonne lipid/day. As mentioned in the energy balance section, the production
of biodiesel from microbial 0il occurred in the biodiesel production plant; hence the
raw material crude glycerol transportation fee was avoided. The cost of lipid
production mainly included the utilization of raw materials, consumption of utilities,
employing labors, equipment depreciation and waste treatment.

Raw materials were the resources utilized during fermentation (nutrients) and
lipid extraction (solvents). The prices of chemicals were obtained from ICIS, which
provides the world-leading chemical pricing and information service, and offers the
unrivalled coverage of global chemical and energy markets. Utilities were the fuels,
power, steam, etc. The prices of the power, water, steam, fuels, and labor were chosen
according to the real local market prices. Labor demanded was calculated by the

software, and the basic rate of the labor was assumed to be 12 $/h, which was the



minimum required rate in local. The equipment depreciation was calculated by
assuming that the equipment lifetime was 10 years. The equipment dependent was
estimated by considering the depreciation, maintenance and miscellaneous. The
equipment was selected according to their functions. The equipment purchase price
was generated by the sofeware according to the required size and materials.

The operation time per year was 7920 h. As the process was built in the
biodiesel production site, hence the administration system and logistics management
were not considered in the cost estimation. In addition, the cost required in the yard
improvement was ignored. Mass balance study performed in the energy balance study

was the basic of the material input in cost estimation.

3. Results and discussion

3.1. Dissolved oxygen concentration effect on cell growth

Oxygen is the key in the growth of the microorganisms. It is the terminal
electron acceptor in microorganism respiratory cascade, and participates on the
formation of intracellular products such as carbohydrates and lipids. The oxygen as
electron acceptor in the cell respiration degrades substrate and release adenosine
triphophate (ATP). Intermediate products including NADPH and monosaccharides
generated during respiration process are utilized to synthesize lipids and
polysaccharides with the consumption of ATP in anabolism. Studies have revealed

10



that oxygen role in the production of energy storage products (lipids and
polysaccharides) (Atashrouz et al. 2018, Ginovart et al. 2018). It indicates that oxygen
is essential in the cell division and lipid accumulation of oleaginous microorganisms.

The oxygen source can be air or pure oxygen, but air is generally employed in
practice as it is cost free and easy to be obtained. Aeration is the most applied method
to supply oxygen to the microorganisms. However, aeration requires power
consumption, which means the demand on the input of energy and cost. So far, many
studies have reported that the main obstacle of biodiesel production from
microorganism was the unacceptable cost due to the low lipid production and high
operation cost (Delrue et al. 2012, Richardson et al. 2012, Zivkovié et al. 2017).
Optimization of oxygen concentration during lipid production from microorganism
was aimed to maximize the lipid production with the least energy and cost investment
from the oxygen supply.

In this study, different DO level was maintained during fermentation. The CFU
concentration was present in Fig. la. From 0 to 12 h, the CFU concentration was
almost stable in all the cases, which was considered as the lag phase. The lag phase
was caused due to the cultivation condition change from pre-culture medium (Yeast
Extract Peptone Dextrose medium) to the fermentation medium. The microorganism
required time to adapt the new environment and thus a lag phase was observed. From
12 h to 42 h, expect the case of DO10%-20%, the CFU concentrations sharply
increased at all DO level, and then kept almost stable. The CFU concentration
gradually increased from 12 h to 72 h in the fermentation with DO level of 10%-20%.

11



The maximum CFU concentration was 5.9E+08 /mL, which was only one log
increase compared to the initial CFU concentration (0 h). However, the maximum
CFU was at least two logs increased in the cases with other DO concentration levels.

The specific growth rates were 0.16, 1.60, 5.40, 9.38, 35.97, 41.63, and 38.99 h'!
for DO level of 10%-20%, 20%-30%, 30%-40%, 40%-50%, 50%-60%, and 60%-70%,
respectively. Apart from DO level, the fermentation medium and cultivation
conditions were the same in all the fermentations. It suggests that low DO level could
have inhibited the cell growth. After the DO concentration went up to 50%-60%, cell
numbers dramatically increased during 12 h to 42 h, and no inhibition was observed.
However, the maximum CFU was much lower in the case of DO level 20%-30%
(1.13E+09), 30%-40% (3.80E+09), and 40%-50% (7.40E+09) compared to that of 50%-
60% (3.10E+10), 60%-70% (3.70 E+10), and 70%-80% (3.98 E+10). There was not
much different on CFU at the DO level of 50%-60%, 60%-70%, and 70%-80%. It
indicates that DO level should be at least maintained at 50%-60% in order not to
inhibit the cell division.

To prevent the inhibition of oxygen concentration on microorganism respiration,
the DO concentration in the system should be above the critical dissolve oxygen (C,,)
concentration. The C,, for yeast is normally 1.8%(Englezos et al. 2018). It suggested
that no inhibition on the respiration should have occurred even at DO level of 10%-
20%. The rate of utilization of oxygen by the organism was constant in the system as
DO level was higher than the C.,. Oxygen enters the cells by simple diffusion, which
means the oxygen concentration difference between outside and inside of cells was

12



the driving force. The higher the difference, the high of the oxygen transfer rate
(kmol * m « h'!). Thus, high DO levels in the medium lead to the high oxygen
transfer rate to the cell. It was observed that the utilization rate of oxygen by the strain
was very high as the DO concentration was dropped to zero from 70%-80% after only
25 s. The high oxygen transfer rate (high DO level) insured the sufficient oxygen
supply to the cells, and hence enhanced the cell growth. As observed, variation of
CFU concentration in the case with the DO level of 50%-60%, 60%-70%, and 70%-
80% was similar. It would be due to that DO level of 50%-60% has satisfied the need
on oxygen by the microorganism (the oxygen transfer rate was equal or greater than
the oxygen consumption rate). Further increase of the oxygen level would surely
satisfy the oxygen demand. It indicates that the cell growth would not inhibit the cell

growth when the DO level was up to 50%-60%.

3.2. Dissolved oxygen concentration effect on lipid accumulation

3.2.1. DO level effect on biomass growth

The variations of biomass concentration and lipid content during fermentation at
different DO levels were shown in Fig. 1b and 1c. For the cases of 10%-20%, 20%-
30%, 30%-40%, and 40%-50% DO, the biomass concentration gradually increased
from the beginning till the end of the fermentation. It was observed that the glycerol
concentration was gradually decreased in the fermentation with 10%-20%, 20%-30%,
30%-40%, and 40%-50% DO saturation (Fig. 1d). There was still glycerol left at the

13



end of the fermentations. It indicates that glycerol was sufficient throughout the
fermentations. Hence it led to the continuous biomass increase.

In the fermentations with DO of 50%-60%, 60%-70%, and 70%-80%, the
biomass concentrations slightly increase from 0 to 6 h, which was the adaption period
for the microorganism to the new environment. From 6 h to 36 h, the biomass
concentration rapidly increased and thereafter (36 h to 54 h), the increase became
slow. The biomass concentrations were slightly decreased after 54 h. From 0 h to 36 h,
the glycerol and nitrogen were sufficient in the media: The biomass and cell numbers
rapidly increased. From 36 h to 54 h, the glycerol was still in the media; however, the
concentrations were low (Fig. 1d). It would thus inhibit the growth and then the
biomass increase became slow. The glycerol was finished at around 60 h in the
fermentations conducted at DO level of 50%-60%, 60%-70%, and 70%-80% (Fig. 1d).
It suggests that there was no more substrate available in the media after 60 h. Cells
were still alive in the media and energy stored in the cells was consumed, and hence
the decrease of biomass concentration was seen (Fig. 1b).

Compared to the fermentation with DO levels of 50%-60%, 60%-70%, and 70%-
80%, the maximum biomass concentration and biomass increase rate were smaller in
the fermentation with DO levels of 10%-20%, 20%-30%, 30%-40%, and 40%-50%
(Fig. 1b and Fig.1e). In all the fermentations, the composition of the media and
fermentation conditions were the same except the DO level. It indicates that the
difference of biomass growth profile was due to the variation of the DO level in the
fermentations. The DO levels have great impact on the growth of biomass.

14



3.2.2. DO level effect on lipid content

The results showed that the rapid increase in lipid content was from 18 h in the
fermentation with DO level of 20%-30% and 30%-40% (Fig. 1c) and 30 h in the
fermentation with DO level of 40%-50%, 50%-60%, 60%-70%, and 70%-80%,
respectively, till around 48 h. It suggests that low DO level could induce the cell to
enter the lipid accumulation phase earlier than that with high DO level.

It has been widely reported that nitrogen depletion in the medium could enhance
lipid accumulation. In our previous studies, the maximum lipid content of 7.
oleaginosus was 52% w/w dry biomass (at 56 h) after the fermentation got stable in
the fermentation with DO level of 70%-80% and nitrogen depletion (Chen Jiaxin et al.
2017). In this study, the maximum lipid content achieved was 51.26 £2.57% w/w at
66 h with DO level of 20%-30% among all the fermentations. The nitrogen was still
detected till 60 in the fermentation with 20%-30%, 30%-40%, and 40%-50% DO
saturation. However, the remarkable lipid accumulation was observed since 18 h till
48 h. Tt revealed that DO level has greatly enhanced the lipid accumulation.

Many studies have shown that oxygen was critical in lipid/fat accumulation for
organisms and humans (Todd et al. 2006, Lam and Ip 2007, Taghibiglou et al. 2009,
Calvey et al. 2016, Magdouli et al. 2018). People suffering from the diseases (such as
sleep apnea and asthma) inducing or living in hypoxic environment were more likely
to accumulate fat to get obesity (Beuther and Sutherland 2007, Lam and Ip 2007). It
was observed that yeast (Yarrowia lipolytica), bacteria (Cryptococcus neoformans)
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and other organism (Caenorhabditis elegans) tended to accumulate lipid in anoxic
condition. Sterol response element binding proteinl also presented as SREBP1
(lipogenic transcription factor) could rapidly response to the anaerobic and hypoxic
stresses. SREBP1 was found to alter the lipid metabolism (Espenshade and Hughes
2007). In the studies related to the human health, it was revealed that the alteration of
SREBPs could lead to obesity (Shimomura et al. 2000, Foufelle and Ferre 2002). T.
oleaginosus is oleaginous yeast. Hypoxic environment condition would have affected
SREBP1 and hence stressed 7. oleaginosus for lipid accumulation.

In this study, it was found that the cell divisions were very active during 12 h to
36 h in the fermentations with DO level of 40%-50%, 50%-60%, 60%-70%, and 70%-
80%, but the lipid accumulation mainly occurred between 30 h to 48 h which was in
low nitrogen concentration period (Fig. 11 and Fig. 1c¢). It suggests that oxygen
transfer rate to the cell surface was equal or greater than the oxygen utilization rate by
the cells when DO level was maintained at 40%-50%, 50%-60%, 60%-70%, and
70%-80%, and hence the lack of nitrogen in the media was the trigger for the lipid
accumulation. In the fermentations with DO level of 20%-30% and 30%-40%, the
lipid was fast accumulated during 18 to 48 h and nitrogen was sufficient before 40 h
(Fig. Ic). It revealed that DO concentration was the main contributor of the lipid
accumulation in the fermentations with DO level of 20%-30% and 30%-40%. It
would be due to that the oxygen transfer rate to the cell surface with DO level of
20%-30% and 30%-40% was lower than the oxygen utilization rate by the cells.
Hence, an anoxic condition was created in local and inside of the cells, which thus

16



affected on SREBP1 to drive T. oleaginosus for lipid accumulation. With the DO
level of 10%-20%, the oxygen transfer rate to the cell surface was too low and even
could have effected on the activity of the cells, and thus the lipid accumulation was
low.

The major obstacle of application of microbial lipid for biodiesel production is
the high production cost of microbial lipid (Ma et al. 2018, Shields-Menard et al.
2018). In fact, the low productivity of microbial lipid is responsible for the high cost.
To increase the productivity (g lipid/L/h) requires increasing the lipid concentration to
its maximum within short time. Lipid concentration is obtained by multiplying the
lipid content with biomass concentration. High CFU concentration supplies high
individuals for biomass growth and lipid accumulation carrier. To maximize the lipid
production, the DO level during fermentation should be varied. According to the
above discussion, the DO level could be maintained at around 50%-60% to 70%-80%
from 0 h to 30 h (biomass rapid growth phase) and at around 20%-30% to 30%-40%
from 30 h to the end of the fermentation, respectively, in order to achieve high lipid

production.

3.3. Lipid production from T. oleaginosus under optimal DO levels

As discussed above, to obtain high lipid production from microorganism in the
given substrate and nutrients required high cell numbers, biomass concentration and
high lipid content within short fermentation time. The optimal DO levels for cell

17



division and biomass production were 50%-60% to 70%-80% and for lipid
accumulation were 20%-30% to 30%-40%, respectively. High DO level means high
energy input. In this study, the DO level chosen for cell and biomass growth was 50%-
60% (the minimum required) and for lipid accumulation was 20%-30% (the
minimum required). The fermentation time required to reach demand CFU was
around 30 h, thus, the DO level was maintained at 50%-60% during the first 30 h of
fermentation and then switched to DO level of 20%-30% till the end of the
fermentation. It was also found that glycerol concentration was almost finished after
42 h (Fig. 1d). Glycerol was added in the base of 15 g/L according to the volume in
order to avoid the inhibition of lipid accumulation due to the deficiency of glycerol.
The control without addition of glycerol was also conducted. The fermentation
conditions were shown in Fig. 2.

The variations of biomass concentration, lipid content, and glycerol
concentration during fermentation were shown in Fig. 3. The glycerol consumption
and biomass growth followed similar trend as that of the fermentation with DO level
of 50%-60% at the first 30 h (Fig. 1b, 1d, and Fig. 3). The biomass concentration
and lipid content reached 8.24+1.79 g/L and 19.83 £ 1.46%, respectively, at 30 h
(Fig. 3). After the DO level was adjusted to 20%-30%, the lipid content dramatically
increased (Fig. 3). The maximum lipid content was 57.30%1.78% at 72 h. In fact,
the lipid content reached 54.17+1.78% at 54 h and thereafter it slowly increased till
the end of the fermentation. In fact, the increase of biomass concentration was small
as well after 54 h. It can be seen that the glycerol concentration was low during 54 h

18



to 72 h, which would have inhibit the lipid accumulation.

The lipid concentration was 10.20 g/L at 54 h, 11.04 g/L at 60 h, 11.31 at 66 h,
and 11.77 g/L at 72 h, respectively. It suggested that it wouldn’t be necessary to
prolong the fermentation time in order to increase lipid production after 54 h except
that the glycerol addition would be performed at 54 h.

The maximum biomass concentration and lipid content in the fermentation with
DO level of 50%-60% from 0 to 30 h and 20%-30% from 30 h to 72 h were higher
than that with the either DO level of 50%-60% or DO level of 20%-30% throughout
the fermentation (Table 1). Moreover, the production rate of lipid and biomass of the
former was also higher than the latter (Table 1). The maximum lipid concentrations
were 5.05, 2.89, 7.25 and 11.77 in the fermentation with DO level of 50%-60%, 20%-
30%, 50%-60% followed by 20%-30% without glycerol addition, and 50%-60%
followed by 20%-30% with glycerol addition, respectively. It can be seen that the
lipid production was improved with the DO level optimization (comparing the results
of the fermentation with DO level of 50%-60%, 20%-30%, 50%-60% followed by 20%-
30% without glycerol addition). It was also noticed that the glycerol addition was
important in the lipid production with the optimized DO level fermentation. Without
glycerol addition, the maximum lipid production was 7.25 g/L, but it reached 11.77
g/L with the addition of glycerol. The maximum lipid content was similar in the
fermentation with DO level of 50%-60% followed by 20%-30% with or without
glycerol addition. It suggested that glycerol addition didn’t enhance lipid
accumulation in the strain. The DO level is the major cause of the improvement in
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lipid accumulation. The glycerol addition provided sufficient substrate and preventing
the inhibition on cell growth.

The study revealed that DO level has great impact on the lipid accumulation in
the 7. oleaginosus, and optimal DO level enhanced lipid production. In addition,
substrate has to be maintained in sufficient degree in order to allow the cells to obtain

“food” for growth (biomass and lipid).

3.4. Energy balance of the optimized fermentation

The mass and energy balance of the lipid production from 7. oleaginosus was
calculated based on 1 tonne of lipid production. As mentioned, the biomass
concentration and lipid content were almost constant after 54 h. Hence, the study
assumed that the fermentation was ended at 54 h. The corresponding biomass
concentration, lipid content and consumed glycerol amount at 54 h were used in the
calculations. The trace nutrients used in the medium were not considered due to the
extremely low amount demand. The energy consumption due to the chemical
utilization was calculated similarly as stated in our previous studies (Zhang et al. 2013,
Zhang et al. 2016). The glycerol used in this study was crude glycerol collected from
biodiesel production industry. The energy input from the glycerol was calculated after
subtracting the energy used to purifying the crude glycerol to get the pure glycerol.
The mass and energy balance was shown in Table 2.

The energy balance calculation results showed that two conditions of DO level of
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50%-60% and 50%-60% followed by 20%-30% were the energy gain process for lipid
production from 7. oleaginous (Table 3). With DO level of 20%-30%, it was energy
loss process. It indicates that it was not suitable to produce lipid through the
fermentation with DO level of 20%-30% in terms of energy balance. Among all, the
lipid production from the fermentation with DO level of 50%-60% followed by 20%-
30% and glycerol addition at 30 h provided the highest energy gain 20.31 GJ/tonne
lipid produced. Even without glycerol addition, it also gave more energy gain than
that of the one with DO level of 50%-60% throughout the fermentation. It indicates
that optimization of DO level during fermentation for lipid production was necessary
and important.

It was also found that the greatest contributor to the energy input was the
consumption of glycerol, which took up 43% to 48% of the total energy input. It
suggested that the energy balance would be more favorable if the substrate with low

energy density was applied in the fermentation for lipid production.

3.5. Cost estimation of the optimized fermentation

The cost of lipid production from the fermentations with different DO level was
estimated according to the mass balance (1 tonne/d) studied above. The results were
shown in the Table 3.

It was observed that the lowest cost of lipid production occurred in the
fermentation with DO level of 50%-60% followed by 20%-30% and glycerol addition
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at 30 h (6.12 $/kg lipid) (Table 3). The one without glycerol addition required a little
high cost to produce per kg of lipid (6.81 $/kg lipid). In the case of the lipid

production from the fermentation with DO level of 50%-60% (13.79 $/kg lipid) or 20%-
30% (21.11 $/kg lipid), the cost was doubled or tripled, respectively, compared to the
one with DO level of 50%-60% followed by 20%-30% and glycerol addition at 30 h.

As the DO supply was greatly associated with utilities, hence it was found that the
utilities of the fermentation with DO level of 50%-60% throughout (8.02% out of the
total cost) took the highest percentage and that with DO level of 20%-30% throughout
(4.35% out of the total cost) took the lowest percentage compared to other cases (7.60%
and 7.38% out of the total cost for the fermentation with DO level of 50%-60%
followed by 20%-30% with or without DO, respectively). It indicates that

optimization on DO level for lipid production significantly reduced lipid production
cost as well as utilities fraction of the total cost.

The labor-dependent was the major contributor of the total cost (per kg lipid
production) in all the cases (Table 3). It was due to that the assumed lipid production
scale (1 tonne lipid/d) was small, but the labor hours required to operate the facilities
were demanded though the workloads were slight. When the scale was increased to 5
or 10 ton lipid/d, the cost of the lipid production was highly reduced. For instance, the
cost of the lipid production from the fermentation with DO level of 50%-60%
followed by 20%-30% and glycerol addition at 30 h was dropped to 2.95 and 1.03
$/kg lipid for the scale of 5 and 10 ton/d lipid, respectively. The weight of labor-
dependent out of the total cost was also highly reduced from 61%-78% for the scale
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of 1 ton lipid/d to 18%-32% for the scale of 10 ton lipid/d.

The lowest cost of lipid estimated in the study (6.12 $/kg) was higher than that of
the soybean oil (2-3 $/kg) which is currently being used as biodiesel production
feedstock when the scale was set at 1 ton lipid/d. It is clear that it will not be
comparable with the soybean oil. However, the cost was only 1.03 $/kg lipid when it
was scaled up to 10 ton lipid/d, which was only half of the price of the soybean oil. It
indicates that process optimization is important in a product production and the

production scale should be estimated as well in a real practice.

4. Conclusions

Optimization of DO level during fermentation could highly increase the lipid
productivity, and hence reduce the lipid production cost with the other cultivation
condition kept constant. Fermentation under optimal DO level required less energy
input compared to the normal fermentation. The study revealed that DO had great
impact on lipid accumulation of 7. oleaginosus, and thus affected on the energy

balance and cost of lipid production.
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Table 1. The comparison of fermentation with optimized DO level with the constant

DO level fermentation

Items

DO level of fermentations

DO 50%-60%

DO 20%-30%

DO 50%-60%

DO 50%-60%

throughout throughout followed by DO followed by DO
20%-30% (with 20%-30%
glycerol addition) (without glycerol
addition)

Maximum biomass 11.72+0.98 5.474£0.26 20.54+0.71 13:18+0.64

concentration (g/L)

Maximum lipid 42.84+3.56 52.91+1.88 57.30+1.78 56.224+2.21

content (%)

Maximum lipid 5.05 2.89 11.77 7.25

concentration (g/L)

Maximum biomass 0.45 0.14 0.54 0.52

production rate

(g/L/h)

Maximum lipid 0.18 0.09 0.50 0.31

production rate

(g/L/h)
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Table 2. The mass and energy balance of different fermentations for 1 tonne of lipid

produced
Items Case
DO 50-60% DO 20-30% DO 50-60% DO 50-60%
throughtout throughtout followed DO 20%- follows DO 20%-
30% (with glycerol 30% (without
addition) glycerol addition)
Mass Energy Mass Energy  Mass Energy Mass Energy
Fermentation
Total volume 215.66 m? 408.92 m? 98.04 m? 145.07
m3
Glycerol (2.21 8.55tonne 18.89 9.65 tonne  21.34 5.00 tonne - 11.04 6.07 13.41
MJ/kg) GJ GJ GJ tonne GJ
KH,P0,4(10.3 58229kg  6.00GJ 1104.09 11.37 264.70kg  2.73 391.69 4.03
MJ/kg) kg GJ GJ kg GJ
Na,HPO,4 (841  204.88kg  1.72GJ 388.48kg ~ 3.27GJ 93.14kg 0.78 137.82 1.16
MJ/kg) GJ kg GJ
NH,4CI (7.42 87.13 kg 0.65GJ 16520kg  1.23GJ  39.61kg 0.29 58.61kg 0.43
Ml/kg) GJ GJ
MgSO,4-7H,0 43.13 kg 0.52GJ 81.78 kg 099GJ 19.61kg 0.24 29.01kg 035
(12.12 MJ/kg) GJ GJ
yeast extract 21.57 kg 0.14 GJ 40.89 kg 026 G]  9.80kg 0.06 1451 kg 0.09
(6.46 MJ/kg) GJ GJ
EDTA (13.25 2157 kg 029GJ 40.89kg 0.54GJ 9.80kg 1.24 1451kg 0.19
Ml/kg) GJ GJ
Water 208.02 m? 400.08 m? 93.69 m? 139.74
m3
Electricity 1134.39 4.08GJ 866.92 3.12GJ  371.56 1.33 459.87 1.66
consumption kwh kwh kwh GJ kwh GJ
due to aeration
and agitation
Biomass
harvesting
Biomass 2.43 tonne 1.95 tonne 1.84 tonne 1.85
tonne
Pumping (0.01  2.16 kwh 0.008 409kwh  0.01GJ 0.98kwh 0.004 1.45 0.005
kwh/m?) GJ GJ kwh GJ
Centrifugation  215.66 0.78 G]  408.92 1.47GJ  98.04kwh 035 145.07 0.52
(1 kwh/m?) kwh kwh GJ kwh GJ
Lipid
extraction
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Total volume 42.50 m? 3421 m3 3231 m? 32.42
m?

Chloroform 18.21 m? 14.66 m? 13.85 m? 13.89
(7.625 MJ/kg; m?
density 1.48
kg/L)
Methanol (22 12.14 m? 9.77 m? 9.23 m? 9.26 m?
MJ/kg; density
0.79 kg/L)
Mixing (0.35 14.87kwh 0.05GJ 11.97kwh 0.04GJ 11.31kwh 0.04 11.35 0.04
kwh/m?) GJ kwh GJ
Centrifugation  42.49kwh 0.15GJ 3421kwh 0.12GJ 3231kwh 0.12 32.42 0.12
(1 kwh/m?) GJ kwh GJ
Evaporation 2124.82 7.65GJ  1710.32 6.16 GJ]  1615.29 5.82 1620.97 5.84
(50 kwh/m?) kwh kwh kwh GJ kwh GJ
Chloroform 9.10L 733L 6.92L 6.95L
loss (7.625
MJ/kg; density
1.48 kg/L)
Methanol loss 6.07L 4.89L 4.62L 4.63L
(22 MJ/kg;
density 0.79
kg/L)
Dry residual 1.43tonne 11.44 0.95 7.60GJ  0.85tonne 6.77 0.85 6.82
biomass (8.00 GJ tonne GJ tonne GJ
MlJ/kg)
Lipid (37.6 1 tonne 37.6 G] 1 tonne 37.6GJ] 1 tonne 37.6 1 tonne 37.6
MJ/kg) GJ GJ
Total energy 40.93 49.93 24.06 27.85
input GJ GJ GJ GJ
Energy credit 11.44 7.6 GJ 6.77 6.82

GJ GJ GJ
Net energy 29.49 42.33 17.29 21.03
input GJ GJ GJ GJ
Energy output 37.6 GJ 37.6 GJ 37.6 37.6

GJ GJ

Energy 8.11GJ -4.73GJ 20.31 16.57
balance GJ GJ
Energy ratio 1.28 0.89 2.18 1.79

The chloroform and methanol were used in the lipid extraction, but they were recovered after extraction and reused

in the next extraction batch. The loss of the chloroform and methanol were small quantity, and the energy input

due to the loss of the solvents was neglected in this study.
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Table 3. The lipid production cost in the different fermentation.

Cost breakdown Cases
DO 50-60% DO 20-30% DO 50-60% DO 50-60%
throughtout throughtout followed by DO followed by DO
20%-30% (with 20%-30% (without
glycerol addition) glycerol addition)
Raw materials ($/kg  2.58 0.73 1.15 1.08
lipid)
Labor dependent 8.47 16.53 3.73 4.20
($/kg lipid)
Facility dependent 1.63 2.93 0.77 0.92
($/kg lipid)
Utilities ($/kg lipid)  1.11 0.92 0.47 0.61
Total ($/kg lipid) 13.79 21.11 6.12 6.81
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Fig. 1 The variation of CFU (a), biomass concentration (b), lipid content (c), glycerol
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ACCEPTED MANUSCRIPT

concentration (d) and biomass growth rate (¢) during fermentation with different DO

levels
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Fig. 2. The conditions of the fermentation with DO level of 50%-60% followed by 20%-

30% with glycerol addition (Temp. presents temperature)
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Fig. 3. The fermentation at different DO level for enhancing lipid accumulation

b=

Crude glycerol generated from biodiesel production was circulated to produce biodiesel.
The optimal DO level for cell division and lipid accumulation was different.

Around 41% of energy saving was observed after DO level optimization in lipid production.
The cost was reduced around one time in the optimized DO level process.
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