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Abstract

zero-waste discharge process with low CO, emissions.

Different types of agro-industrial wastes including lignocellulosic wastes, carbohydrate and protein-rich wastes,
syrup wastes and glycerol wastes were explored as biodiesel feedstocks. This strategy not only can partially replace
fossil fuel but also simultaneously decrease the environmental impact. This is the first report on the techno-
economic analysis and CO, emissions of biovalorization of these wastes for biodiesel production by potential
oleaginous yeasts. These evaluations could help to identify potential bottlenecks and suggest suitable
implementations. Process models include steps of waste preparation, yeast cultivation, harvesting and biodiesel
production through direct transesterification. The evaluation results reveal that the energy intensive steps which
also have high CO, emissions are the heating steps during waste preparation and sterilization prior to yeast
cultivation. The most practical and cost-effective scenario was the recycling of glycerol waste from biodiesel
industry as renewable feedstocks. This process not only reduces the production cost of biodiesel but also leads to a
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Introduction

Microbial oils produced by oleaginous microorganisms,
are now considered as potential feedstocks for biodiesel
production due to their similar fatty acid compositions
to those of plant oils. The cultivation of oleaginous mi-
croorganisms as oil sources, has advantages over the
production of plant oils because they have shorter life
cycle, are affected neither by seasons nor climates, and
much easier in scaling up [1]. Among available microor-
ganisms, yeasts have higher potential over microalgae,
fungi and bacteria, due to their unicellular relatively
higher growth rate and higher oil content [2]. However,
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the production cost of microbial oil is still high due to the
high cost of nutrient sources for cultivation. Therefore,
most studies have focused on utilizing organic industrial
wastes instead of high-grade nutrient sources [3, 4].
Although several industrial wastes have been explored
for cultivation of the yeasts, there are still a lot of locally
available and abundant wastes unexplored for this pur-
pose. The suitability of the wastes as nutrient sources for
the yeasts depends on the availability of carbon source
and high carbon-to-nitrogen (C/N) ratio [4]. There are a
number of agro-industrial wastes having high ferment-
able carbon source and high C/N ratio. These include
expired soft drinks (ES) from the carbonated soft drinks
industry, solid wastes from brewing industry. As ES con-
tains high amounts of sugars including glucose, fructose
and sucrose, when left unsold and expired they cannot
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be disposed directly into general wastewaters. The ES
has to be stored in a storage tank before slowly released
into the wastewater treatment system. Brewers’ spent
grains (BSG) are lignocellulosic parts of wort generated
after mashing phase of beer production [5, 6]. BSG are
generated at 15-20 kg per hectoliter of beer produced.
Its total amount could be over 30 Mt per year. Spent
yeast cells (SYC) are the yeast cells separated after beer
fermentation. They are abundant and low-cost biomass,
rich in carbohydrate and protein [7-9]. Another organic
waste, that has attracted special attention as it is an un-
avoidable by-product of biodiesel production, is crude
glycerol (CG). The biodiesel industry generates approxi-
mately 10% (w/w) of CG with every batch of biodiesel
produced [10, 11]. It has been reported that CG could
be directly used by microorganisms without further puri-
fication [12]. As these wastes contain different chemical
compositions, they could be classified into four categor-
ies including lignocellulosic waste (as in the case of
BSG), carbohydrate and protein-rich waste (SYC), syrup
waste (ES) and glycerol waste (CQ).

The bioconversion of these wastes into biodiesel in-
cludes several crucial steps of waste preparation, yeast
cultivation, harvesting of yeast cells, and transesterifica-
tion of yeast oils into biodiesel. The yeast cultivation
could be performed in stirred tank bioreactor with the
controlled operating parameters such as temperature,
pH, agitation, and aeration rate. In addition to the yeast
cultivation, the effective method for biodiesel production
should be selected. Yeast oil can be converted into bio-
diesel by recently developed direct transesterification
using acid catalyst in vigorously stirred tank reactor
(VSTR). Louhasakul et al. [13] proposed the direct trans-
esterification of yeast oils using wet cells in order to
reduce the steps of cell drying and oil extraction and im-
prove the conversion yield of yeast oils into biodiesel.

A number of techno-economic studies have been done
on biodiesel production. However, most of them focused
on microalgae as oil sources and only one study evalu-
ated the use of oleaginous yeast cultivated on glucose as
oil source [14]. There are several different substrates to
choose for oil production by oleaginous yeasts. Some of
those substrates have seriously restricted the develop-
ment of industrialization. Nowadays, oil productions by
the oleaginous yeasts are still in lab scale. More re-
searches and development are required to establish an
industrial route. It is necessary to study the crucial steps
of the entire process. The techno-economic studies on
biodiesel production from agro-industrial wastes using
oleaginous yeasts have not been reported. It is expected
that the use of renewable resources for energy produc-
tion not only can partially replace fossil fuel but also
simultaneously decrease the environmental impact. The
energy usage and environmental impact of biofuels and
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fossil fuels were compared using life-cycle greenhouse
gas (GHG) analysis in order to pursue sustainable bio-
fuel production [15]. The methods for managing and re-
ducing these emissions must be found and implemented.
Renewable sources, such as biomass, may replace the
use of all or part of those fossil fuels and have therefore
contribution in reducing GHG emissions. The combined
use of techno-economic and environmental impact
assessment could be useful to provide information for
policy makers and producers in identifying potential bot-
tlenecks and choosing suitable implementations.

This study aimed to evaluate the techno-economic ana-
lysis and CO, emissions for biovalorization of abundant
agro-industrial wastes for biodiesel by potential oleaginous
yeasts. Alternative processing scenarios were considered
based on the waste preparation, yeast cultivation, harvest-
ing and direct transesterification of yeast cells into bio-
diesel. The crucial steps involving in the industrial
implementation of biovalorization were identified and the
strategies to improve the techno-economic and environ-
mental impact were proposed.

Materials and methods

Waste preparation and yeast cultivation

Two potent oleaginous yeasts, Rhodotorula mucilaginosa
G43 and Trichosporonoides spathulata JU4—57 were ob-
tained from Bioprocess Engineering Laboratory, Faculty of
Agro-Industry (Prince of Songkla University, Thailand)
and another oleaginous yeast Yarrowia lipolytica TISTR
5151 was from the Thailand Institute of Scientific and
Technological (TISTR), Thailand. The stock cultures of
the yeasts were inoculated into yeast extract peptone dex-
trose culture medium (glucose 10 kgm™>, peptone 5 kg
m >, yeast extract 3 kgm™>). The seed cultures were incu-
bated at 30 + 2 °C and 200 rpm for 24 h.

In this study, the wastes from three agro-industries
were used as nutrient sources for yeast cultivation.
These include the wastes from carbonated soft drinks
industry, brewery industry and biodiesel plant. ES were
obtained from Haadthip Co. (Songkhla, Thailand). Its
sugar concentration was in the range of 4-5%. CG was
obtained from the Biodiesel Plant (Faculty of Engineer-
ing, Prince of Songkla University, Thailand). CG based
medium was prepared by adjusting pH to 6.0 and di-
luted to obtain glycerol concentration at 4%. BSG and
SYC from brewery industry were hydrolyzed using
sulfuric acid and thermal treatment at 121°C for 20
min [9]. The BSG and SYC hydrolysate were neutral-
ized using 10N of NaOH. All agro-industrial wastes-
based media were added with MgSO,7H,0 0.2kgm™>,
KH,PO, 0.5kgm™ and CaCl,2H,0 0.1kgm™> and pH
adjusted to 6.0. The seed cultures were inoculated into
sterilized medium and incubated at room temperature on
rotary shaker at 140 rpm for 72 h.



Sae-ngae et al. Sustainable Environment Research (2020) 30:11

Downstream processes

The yeast cells after cultivation were harvested using
centrifugation at 1585xg for 15 min. The yeast cells
were washed using acetone and distilled water, then
dried at 105°C for 5h in hot air oven and then
weighed to constant weight after cooling in a desicca-
tor. Lipid extraction from dried biomass was per-
formed according to the modified procedure of Bligh
and Dyer [16]. The yeast oils were converted into
biodiesel, namely fatty acid methyl esters (FAME) by
transesterification and the compositions were deter-
mined using a HP6850 Gas Chromatograph equipped
with a cross-linked capillary FFAP column (length 30
m, 0.32mm, 0.25um film thickness) and a flame
ionization detector. For the red yeast R. mucilaginosa
G43, the carotenoids in its wet cells were extracted
using acetone. Total nitrogen was measured by com-
bustion method. Total sugar concentration was deter-
mined by the phenol-sulfuric acid method [17]. The
sugar composition and acetic acid were analyzed with
high-performance liquid chromatography using an
Agilent Technology 1200 series Refractive Index De-
tector with an Aminex-HP-87H column operated at
65°C and mobile phase containing 0.05M of sulfuric
acid pumped at a rate of 0.6 mL min~'. The glycerol
concentration was determined using the method of
Kosugi et al. [18].

Estimation of biodiesel fuel properties

The biodiesel fuel properties were calculated from em-
pirical equations based on fatty acid compositions of
yeast oils [9, 16]. These include saponification value
(SV), iodine value (I0), cetane number (CE), and cold
filter plugging point (CFP). The SV and IO were deter-
mined using Egs. (1) and (2) as follows:

sv Z(560}>\<41;;4ME) W
o = Y EXE )

where FAME represents individual FAME percentage by
weight, MW represents the molecular mass of individual
FAME, and DB represents number of double bonds in
individual FAME.

Then, CE was determined using Eq. (3):

5458
CE = 46.3 + (S—A> — (0.255 x 10) (3)

Finally, long-chain saturation factor (LCS) and CFP
were calculated using Eqgs. (4) and (5) as follows:
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LCS=(01xCl6:0+05xC18:04+1xC20:0+1.5
xC22:042 x C24:0)

(4)
CFP = (3.1417 x LCS) — 16.477 (5)

Techno-economic and environmental impact analysis
Laboratory data were used to validate the process flow
and biodiesel yield from each agro-industrial waste. As
several unit operations currently exist at commercial scale,
the performance data for modeling and robust economic
could be easily obtained. The constructed model would
help to evaluate and analyze alternative processing
methods and serve as the foundation for techno-economic
analysis and calculations of CO, emission.

Techno-economic analysis

This section begins by summarizing the options for mi-
crobial oil production from various industrial wastes
followed by description of crucial steps including waste
preparation, yeast cultivation, harvesting of yeast cells,
and direct transesterification of yeast oils into biodiesel.
The biomass and oil content of oleaginous yeasts culti-
vated on four wastes were compared and the suitable
yeast for each waste was selected. The materials and util-
ities involved were listed and mass balances were
employed for analysis of biodiesel yield. The models for
biodiesel production from four agro-industrial wastes
are listed as follows:

- Model I bioconversion of lignocellulosic waste
(BSG) into biodiesel.

- Model II: bioconversion of carbohydrate and protein-
rich waste (SYC) into biodiesel.

- Model III: bioconversion of syrup waste (ES) into
biodiesel.

- Model IV: bioconversion of glycerol waste (CG) into
biodiesel.

A scale factor of 1 m® was used and the capacity was
selected based on an economic case study where the
specific investment cost reaches a constant value. All the
values are presented in US$. The preliminary economic
analysis of biodiesel production from agro-industrial
wastes had been conducted mainly based on the operat-
ing costs involving in bioconversion processes from
wastes into yeast oils and hence biodiesel. Therefore, the
installation and equipment costs have been not taken
into account in this analysis. The operating costs are
estimated based on typical industrial-scale operation.

Environmental impact analysis

As energy requirements and GHG emission are two main
environmental factors during bioconversion process, these
two factors were then considered to evaluate bioconversion
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process of four different wastes into yeast oil and hence bio-
diesel. The primary GHG emissions considered in this
study are carbon dioxide. The emissions and environmental
impact of the bioconversion of each agro-industrial waste
were quantified through the metric of global warming po-
tential (GWP). The GHG potential factors measure how
much a given mass of GHG contributes to global warming,
in comparison to carbon dioxide. This allows summary car-
bon dioxide equivalent (CO,-eq) units of all the emissions
together and allows the direct comparisons between differ-
ent scenarios. There are four steps for the life cycle assess-
ment (LCA) methodology according to the ISO 14000
series (ISO 14041-43) including (1) goal and scope defin-
ition; (2) inventory analysis; (3) impact assessment; and (4)
interpretation.

(1) Goal and scope definition The aim and scope of
this study is to determine the environmental impact
of biodiesel production using oleaginous yeasts grown
on agro-industrial wastes and to determine which
model has a greater environmental impact. This study
does not cover the entire life cycle (cradle-to-grave)
evaluation of the product, but rather it studied a
gate-to-gate system boundary beginning with the
waste preparation, yeast cultivation, harvesting (inte-
grated lab-scale) and biodiesel production (lab-scale
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with estimated energy requirements) and did not get
to the end of life process (disposal). Overall goal of
the preliminary study was to compare life cycle CO,.
The functional unit for this system boundary is 1kg-
biodiesel. Figure 1 shows life cycle system boundary
of the oil production by oleaginous yeasts and subsequent
biodiesel production through direct transesterification.
The other phases of use, disposal and transportation of
the products are omitted in this study. The CO, emissions
were investigated from Models L, I, III and IV.

(2) Inventory analysis The results of the LCA environ-
mental impact have been quantified in relation to the
functional unit. The functional unit provides a reference
that relates inputs and outputs. The inventory data for
the biodiesel production were collected and calculations
were made to quantify the input from the environment
and the output to the environment. This study focused
on resources usage, energy usage, chemical, wastes and
by-products from biodiesel production. Almost all LCA
carried out on microorganisms to date have looked at
the direct process related impacts from microorganisms
with none fully considering indirect effects [19].

The system boundary and LCA study are according to
the following parameters:

Agro-industrial
wastes

Chemical

Energy

Waste preparation

Yeast cultivation

Harvesting

J

v 1

Chemical
Direct trans

Energy

esterification

— Biodiesel

direct transesterification

Emissions

Fig. 1 Life cycle system boundary of the lipid production by oleaginous yeasts and subsequent biodiesel production through

v
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- From gate-to-gate, start from waste preparation and
ends with biodiesel production as the main product.

- Biodiesel production from yeast oils is carried out via
direct transesterification.

- Main energy inputs will be included throughout the
life cycle.

- Emissions of wastewater and other types of air pol-
lutants during biodiesel production are not covered in
the LCA but more information could be found in the lit-
erature [20].

(3) Impact assessment The impact of GHG emissions
in terms of CO, would create the same amount of
warming. The GHG emissions then can be expressed as
CO, emissions from a carbon footprint of all processes.
This is necessary to undertake detail of the life cycle cal-
culations of the processing energy needed to make the
biodiesel production, in order to quantify the GHG
emissions at each stage of the process of environmental
impact. The GHG was calculated in units of CO,-eq
using the GWP values according to the 2006 IPCC
Guidelines for National GHG Inventories [21] and ag-
gregated using Intergovernmental Panel on Thailand
GHG Management Organization; GHG emission = activ-
ity data x emission conversion factor.

(4) Interpretation The interpretation of the environ-
mental impact, a normalization step relates the indicator
values to reference values. The results and recommenda-
tions were analyzed, concluded and explained during the
interpretation phase in accordance with the results of
the previous LCA phases [22, 23].

Results and discussion

Overview on process flow for bioconversion of agro-
industrial wastes into biodiesel

In this study, there are four crucial steps for biodiesel
production from agro-industrial wastes by oleaginous
yeasts including waste preparation, oleaginous yeast cul-
tivation, harvesting of yeast cells, direct transesterifica-
tion of yeast oils into biodiesel as illustrated in Fig. 1.

(1) Waste preparation

Among four wastes, ES could be directly used without
treatment while CG needed pH adjustment prior to
yeast cultivation. Other two solid wastes (BSG and SYC)
needed to be hydrolyzed into fermentable sugars before
use. This process requires higher chemical and energy
costs than those for liquid wastes. Several types of acids,
concentrated or diluted, can be used, including sulfur-
ous, sulfuric, hydrochloric, hydrofluoric, phosphoric,
nitric and formic acids. Among them, sulfuric acid has
been extensively used due to its high catalytic activity
and low cost. The optimal acid concentration used for
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acid hydrolysis process was in the range of 1-10% and at
the temperature between 100 and 150 °C [24-27].

(2) Yeast cultivation

The use of industrial wastes as cheap source of nutrients
for oleaginous yeasts has been considered as a cost-
effective way to produce biodiesel feedstocks [28]. The
yeast cultivation was performed and the experimental
data obtained was used for designing for the production
in one batch. The agitation and aeration were operated
to continuously supply the oxygen. The cultivation was
run until the yeast cell growth reached to late log phase.
The models are designed by configuring technically
viable as well as least cost equipment options as much
as possible.

(3) Harvesting

Commonly used harvesting technologies are flocculation,
filtration and centrifugation. Flocculation method requires
the addition of flocculent to flocculate suspended cells
into pellets. However, these flocculent are difficult to be
removed and may cause contamination during down-
stream processes. Filtration method requires membrane
filter and is prone to membrane fouling effects which lead
to decrease in the performance. Centrifugation uses cen-
trifugal separation to harvest the cells without applying
other chemical reagents. The advantage of centrifugation
is fast harvesting [20]. Although, there are a number of
available techniques for harvesting of the microorganisms,
the most commonly used harvest methods for the oleagin-
ous cells are still the centrifugation [29].

(4) Direct transesterification

Microbial oils can be converted into biodiesel by transes-
terification reaction using alkaline or acid catalysts. The
developed direct transesterification of yeast oil into bio-
diesel using wet cells can reduce the steps of drying and
oil extraction and hence improve the productivity and
cost-effectiveness. Recently, the VSTR was designed and
the important parameters for direct transesterification of
yeast oil into biodiesel were optimized by Louhasakul
et al. [13]. As this study did not perform the direct trans-
esterification of the yeast oils, the experimental data from
Louhasakul et al. [13] were used for calculation.

Experimental data from lab scale

Waste characterization and preparation

This study aimed to use four agro-industrial wastes as
low-cost nutrient sources for yeast cultivation. The avail-
ability of carbon sources in the wastes and C/N ratio are
crucial factors affecting the performance of the yeast to
grow and accumulate oil. In many cases, high C/N ratio
can promote the oil accumulation in the yeast cells as
energy reserve materials. However, too high C/N ratio,
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namely very low nitrogen, will limit the cell propagation
and restrict biomass production. The low biomass con-
centration will lead to the low overall oil production.

BSG is a lignocellulosic waste that contained 24.5%
hemicellulose, 20.9% cellulose and 9.6% lignin. BSG also
contained protein at a high level of 23.1%. After acid hy-
drolysis, the BSG hydrolysate contained sugars of 33 kg
m~? and total nitrogen of 1.2 kg m~® which corresponded
to relatively low C/N ratio of 11. The sugar composi-
tions in BSG hydrolysate were xylose (45.8%) and ara-
binose (32.1%) from hemicellulose and glucose (22.0%)
from cellulose. SYC is rich in both protein and carbohy-
drate at 46.9 and 21.3%, respectively. The SYC hydrolys-
ate was composed of sugars at 62kgm™ and total
nitrogen of 7.02 kg m~® which corresponded to very low
C/N ratio of 3.53. It was found that mannose (69.6%)
and glucose (31.4%) are the main sugar types found in
SYC hydrolysate which released from mannan and f-
glucan, respectively.

Another two wastes are liquid wastes, ES and CG, which
could be used directly without acid hydrolysis. ES con-
tained high amount of sugars (48.0 kg m®) including fruc-
tose 59.8%, glucose 27.5% and sucrose 12.7%. The
nitrogen concentration was only 0.135 kg m™ which cor-
responded to very high C/N ratio of 142. CG comprised
of 32.4% w/v glycerol and 1.86 kg m™> nitrogen which cor-
responded to moderately high C/N ratio of 68. The pH of
CG was as high as 9 because the alkali was used as catalyst
during biodiesel production. It should be noted that the
recycling of CG from biodiesel plant for oil production by
the yeasts not only reduces the production costs of oil
feedstocks but also contributes to the zero-waste strategy.
The CG not only has advantages as low-cost carbon
source for microbial fermentation but also reduces glucose
repression present in case of glucose utilization [30].
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Yeast cultivation

The types of carbon source and C/N ratio in the wastes
are the main factors affecting yeast cell growth and oil
production. It is necessary to select the best combination
of the wastes with the yeasts for efficient bioconversion
of these wastes into oil sources. The suitable yeasts for
each waste were screened. Table 1 summarizes the per-
formance of the most potent three yeasts cultivated on
each agro-industrial waste for 72 h. All oleaginous yeasts
grew well on BSG hydrolysate and reached comparable
final biomass of 6-7kgm™. The oil content in three
yeasts ranged from 8 to 20%. Similarly, all yeasts also
grew well on SYC hydrolysate and reached the biomass
of 4.0-4.8kgm™> with the oil content of 14 to 20%.
Compared to SYC hydrolysate, BSG hydrolysate was
considered as more suitable nutrient source for yeast cell
growth likely due to the suitable sugar compositions (xy-
lose, arabinose and glucose) for yeast assimilation.
Among the yeasts tested, T. spathulata JU4—57 was con-
sidered as the most suitable yeast for bioconversion of
BSG hydrolysate into oils while Y. lipolytica TISTR 5151
was considered as the most suitable yeast for bioconver-
sion of SYC hydrolysate into oils.

ES was a good nutrient source for cell growth and bio-
mass production by oleaginous yeast R mucilaginosa
G43 (Table 1). It was possible that R. mucilaginosa G43
could assimilate fructose, the main sugar found in ES,
better than the other two yeasts. However, Y. lipolytica
TISTR 5151 was more suitable for oil production from
ES due to its higher oil content (25.1 +5.8%) than R.
mucilaginosa G43 (10.1 £ 2.9%). It should be noted that
only R. mucilaginosa G43 could grow well on CG with
very high oil content of 50-63%. These levels were much
higher than those cultivated on other three wastes. It
could be concluded that among the wastes and the

Table 1 Bioconversion of agro-industrial wastes into biomass with high oil content

Agro-industrial wastes
(sugar composition)

Oleaginous yeasts

Biomass (kg m ) Qil content (%)

Brewers’ spent grain hydrolysate
(xylose 45.8%, arabinose 32.1%, glucose 22.0%)

Spent yeast cell hydrolysate
(mannose 69.6%, glucose 31.4%)

Expired soft drinks
(fructose 59.8%, glucose 27.5%, sucrose 12.7%)

Crude glycerol
(glycerol 32.4%)

T. spathulata JU4-57
R. mucilaginosa G43
Y. lipolytica TISTR 5151
T. spathulata JU4-57
R. mucilaginosa G43
Y. lipolytica TISTR 5151
T. spathulata JU4-57
R. mucilaginosa G43
Y. lipolytica TISTR 5151
T. spathulata JU4-57
R. mucilaginosa G43

Y. lipolytica TISTR 5151

735+ 022 20.1 £ 3.1
760 £ 0.05 88 £34
6.78 £0.13 142 + 4.1
407 £ 003 194 + 45
433 +£0.10 144 £ 49
4.78 £0.10 209 £33
140 +£0.28 206 +£11.9
520+ 0.77 10.1 £ 29
2.70 £ 0.05 251 £58
212 +£0.10 529+ 86
412 +£0.10 509 £ 94
145+ 023 63.7 £ 4.7

Data expressed as mean =+ standard deviation of triplicates
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yeasts tested, R. mucilaginosa G43 cultivated on CG was
the best combinations for oil production. In addition to
oils, R mucilaginosa G43 also contained high value
pigment-carotenoids at 15gkg ' yeast and protein at
165gkg ' yeast. This yeast then has high potential not
only as microbial oil sources but also as pigment and
protein sources.

Biodiesel properties of yeast oils

Another important criterion for being used as biodiesel
feedstocks is the fatty acid composition of the yeast oils.
This is because biodiesel properties are directly influ-
enced by fatty acid compositions of the oil sources. Con-
version of the yeast oils to FAMEs followed by GC
analyses revealed the fatty acid composition of the yeast
oils as shown in Table 2. The oils from T. spathulata
JU4-57 cultivated on BSG hydrolysate and oils from Y.
lipolytica TISTR 5151 cultivated on SYC hydrolysate
and ES, were mainly composed of long-chain fatty acids
with 16 and 18 carbon atoms including oleic acid as the
predominant fatty acid (47-56%) followed by linoleic
acid (15-30%) and palmitic acid (approximately 15%). It
should be also noted that the fatty acids of Y. lipolytica
TISTR 5151 oils were mainly unsaturated fatty acids
(63—77%) which would show the excellent cold flow
properties. While the oils from R. mucilaginosa G43 cul-
tivated on CG were mainly palmitic acid (approximately
40%) followed by oleic acid (26%), linoleic acid (20%).
These results indicate that the fatty acid compositions of
the yeast oils mainly depend on the yeast strains. The
similar fatty acid compositions of yeast oils to those of
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plant oils indicate their potential use as alternative feed-
stocks for biodiesel. The oil compositions of the oleagin-
ous yeasts in this study were also similar to those
previously reported. The oils from R mucilaginosa
TJY15a which was grown on hydrolysate of cassava
starch were mainly composed of palmitic acid and oleic
acid higher than 85% [31]. Rhodosporidium toruloides
ATCC 10788 also contained mainly palmitic acid and
oleic acid when using CG as a substrate [10].

Several major properties of biodiesel can be estimated
from fatty acid compositions of oil sources. These are
SV, 10, CE, LCS, and CFP [32]. Table 2 also shows the
estimated biodiesel properties from the fatty acid com-
positions of yeast oils. The SV represents mg of KOH
needed to saponify 1g of oil. A low SV indicates a high
percent of long chain fatty acids in the oils. The SV of
yeast oils were 201-208 mg KOH g oil"' which were
similar to those of oleaginous yeasts [33]. The IO is the
mass of iodine that reacts with 100 g of oil. It depends
on both the number and position of double bonds in the
oil and it shows the tendency of biodiesel to react with
oxygen. The IO of yeast oils were 63-85g I, 100 g~ ' oil
which meet the European standard EN-14214 (not ex-
ceeding 120g I, 100 g ' oil). CE is considered as the
main parameter indicating biodiesel quality. It represents
the ignition quality of a diesel fuel. In a particular diesel
engine, the fuels with high CE will have shorter ignition
delay than fuels with low CE. For most diesel engines, a
value above 40 is acceptable. It should be noted the CE
of all yeast oils are above 40. The important parameter
for low temperature applications of a fuel is CFP. The

Table 2 Fatty acid compositions (%) and biodiesel properties of yeast oils

Fatty acid BSG SYC

cpmpositions/ ) T. spathulate JU4-57
Biodiesel properties

Y. lipolytica TISTR 5151

ES CG

Y. lipolytica TISTR 5151 R. mucilaginosa G43

Myristic acid (C14:0) 03 0.2
Palmitic acid (C16:0) 135 103
Palmitoleic acid (C16:1) 16 22
Stearic acid (C18:0) 57 33
Oleic acid (C18:1) 533 47.0
Linoleic acid (C18:2) 223 306
Linolenic acid (C18:3) 13 -
Lignoceric acid (C24:0) 03 -
Saturated fatty acids 19.9 139
Unsaturated fatty acids 784 79.8
SA 2019 202.1
10 (g1, 100g7" 934 99.9
CE 495 478
LCF (wt%) 44 2.7
CFP (°Q) -2.7 -79

- 1.9
154 40.5
88 27
7.0 47
52.8 269
159 206
- 1.2
- 09
225 479
775 513
2034 208.3
85.1 68.5
514 55.0
5.1 6.5
-06 39

SA saponification value; /0 iodine value; CE cetane number; LCF long-chain saturation factor; CFP cold-filter plugging properties: <0 (summer) < —10 (winter)
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CFP is used to predict the behavior of the biodiesel at
the low temperature. The cloud point is the temperature
at which wax first becomes visible when the fuel is
cooled. The pour point is the lowest temperature at
which the oil specimen can still be moved [34]. Based on
the fatty acid profiles of yeast oils, it could be concluded
that the oleaginous yeasts derived biodiesel would have
the properties meeting the biodiesel standards and could
be used as a substitute for petroleum-based diesel fuel.
Among the wastes and the yeasts tested, R. mucilaginosa
G43 growing on CG could be considered as the most
suitable oil feedstock for biodiesel production. This was
because it could give relatively high CE (55) and accept-
able CFP (3.9) compared with those from other yeasts
growing on other wastes. These properties were likely
due to the high content of saturated fatty acids of R.
mucilaginosa G43 when growing on CG.

Technical performance of each model

The technological processes of bioconversion of four
agro-industrial wastes were evaluated to fulfill their
requirement for industrial scale application. The investi-
gations were made to see the efficient and affordable
technological options for biodiesel production from in-
dustrial wastes. Four models for four agro-industrial
wastes are studied. Models I and II are the bioconversion
of lignocellulosic waste (BSG) and carbohydrate and
protein-rich waste (SYC) into biodiesel. Models III and
IV are the bioconversion of syrup waste (ES) and gly-
cerol waste (CQ) into biodiesel. The detail process flows
of each waste are as follows:

Models I and II: Fig. 2 shows the process flow diagram
describing the detail of chemicals and energy involved in
bioconversion of BSG and SYC into biodiesel in 1 m?
scale. The process started with acid hydrolysis with ther-
mal treatment at temperature 121°C for 20 min and
subsequent neutralization using sodium hydroxide.
Based on the amount of sugar obtained after acid hy-
drolysis, the amount of acid and sodium hydroxide re-
quired was varied. Prior to yeast cultivation, other
nutrients were added. The cultivation conditions were
set to be: initial cell concentration of 0.5kgm™ in
stirred tank bioreactor at room temperature (30 + 2 °C)
for 72 h. Based on these conditions, the energy required
for yeast cultivation was estimated.

The data of biomass and oil production were obtained
from lab scale experiment in Table 1. After oleaginous
yeast cultivation on industrial wastes in bioreactor, the
yeast cell mass was harvested by centrifugation at
1585xg for 15 min. The harvested yeast cells were as-
sumed to be directly used in transesterification without
drying [13]. The wet yeast cells were then introduced to
30L VSTR. The glass beads were added as cell disrupt-
ing agents at the bead weight to biomass weight ratio of
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1:1. The methanol was added as oil extracting solvent
and feedstock at the ratio of 4:1 (v/w). The sulfuric acid
was used as catalyst for transesterification at 2% (v/v) in
methanol. The mixture was vigorously mixed at 1000
rpm. The reaction temperature was set at 50 °C. After
reaction for 1h, the reaction mixture was centrifuged.
The biodiesel layer was recovered and the methanol was
separated by evaporator. It should be noted that the con-
version efficiency mainly depends on the operating con-
ditions for direct transesterification of yeast cells in
VSTR [13]. Therefore, the conversion efficiency of oils
in yeast cells into biodiesel (97%) was referred from the
previous study [13]. Hence, the direct transesterifications
of 1.5 kgm ™ and 0.71 kg m ™2 of yeast oils from BSG and
SYC hydrolysate were expected to produce 1.46 and
0.68 kg biodiesel m™>, respectively.

The total energy input required for Models I and II were
87.3 kWh (sum of energy input in Fig. 2). It seemed that
heating operation in acid hydrolysis (conversion from
solid into liquid) and sterilization appeared to be the most
energy intensive stages which accounted for 80% of total
energy input. It should be noted that the combined
sterilization process with acid hydrolysis process could
reduce energy input by 40%. Moreover, the use of non-
sterile wastes could be beneficial to reduce energy input
and consequently operating cost of bioconversion process.
It has been reported that it is possible to use non-sterile
media for yeast cultivation [35]. The generated biomass
residues could be sold as animal feed and/or used as re-
newable feedstocks for further microbial fermentation.
Moreover, the generated by-product from transesterifica-
tion process, CG, at 10% of produced biodiesel could also
be either sold at the market or used as renewable feed-
stocks for yeast cultivation and this then finally could off-
set the production cost of the biodiesel.

Models III and IV: the process flow diagrams describ-
ing bioconversion of ES and CG into biodiesel are shown
in Fig. 3. The ES could be directly used without pretreat-
ment while CG required hydrochloric acid for pH
adjusting from 9 to 6. For yeast cultivation, Y. lipolytica
TISTR 5151 was the most suitable oleaginous yeast for
ES conversion into oils while R. mucilaginosa G43 was
the most suitable oleaginous yeast for CG conversion
into oils (Table 1). The cultivation conditions were:
initial cell concentration of 0.5kgm™ in stirred tank
bioreactor at room temperature (30 + 2 °C) for 72 h. The
centrifugation was used for harvesting the yeast cells at
1585xg for 15 min. The conditions for direct transesteri-
fication of yeast oils in biodiesel are the same as those
described in Models I/II. The biodiesel achieved from Y.
lipolytica TISTR 5151 cultivated on ES was 0.64 kg and
that from R. mucilaginosa G43 cultivated on CG was
2.02 kg. The total energy input required for Models III
and IV were 52.39 kWh (sum of energy input in Fig. 3).
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Input
Materials
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Fig. 2 Process flow for bioconversion of brewer's spent grain and spent yeast cell into lipids by selected oleaginous yeasts in 1 m? reactor scale

Crude glycerol

Biodiesel

i

Among the four models evaluated, Model IV could
give the highest biodiesel in 1 m® scale at 2.02kg
followed by Model I (1.46 kg), Model II (0.68 kg), with
Model III producing the lowest biodiesel (0.64 kg).
Therefore, Model IV showed the lowest energy demand
per 1kg-biodiesel at 25.9 kWh. The highest energy con-
sumption was by acid hydrolysis and cultivation approxi-
mately 69-89% of total energy demand. It was due to
the heating operation required. Therefore, the energy
consumptions by Models I and II were much higher
than those by Models III and Model IV.

Economic assessment
Economically viable biofuel should be cost competitive
with petroleum fuels. There are many factors that

involve in the high production cost of microbial based
biodiesel [36]. Specifically, the cost of substrate or car-
bon source required approximately 60-75% of the total
costs of the biodiesel production. Therefore, the eco-
nomics of microbial based biodiesel can be improved by
using low-cost nutrients in agro-industrial wastes. An-
other important aspect in microbial based biodiesel is
the efficiency and economic feasibility to achieve an eco-
nomical and sustainable production. Figure 4 indicates
operating cost categories including materials and utilities
involved in waste preparation, yeast cultivation, harvest-
ing and direct transesterification. From the overall cost
analysis in each model, the total operating cost of
Models I and II were highest at 9.18-9.34 US$ followed
by Model IV (6.06 US$) and Model III (5.73 US$). The
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high cost for biodiesel production in Models I and II
was due to the energy cost for heating in acid hydrolysis
process during waste preparation step. As no acid hy-
drolysis is needed in Models III and IV, the energy costs
of these two processes were much lower. Comparing
between two solid wastes, BSG has higher economic
potential than SYC due to the higher yield of biodiesel
obtained. Among four models, Model IV required the
lowest operating cost per 1 kg-biodiesel at 3.0 USS$. It is
also interesting to note that carotenoids and protein in
R. mucilaginosa G43 could be sold back to the market as
high-value products and can then contribute as signifi-
cant revenues. Moreover, CG generated as side streams
in the biodiesel production process could also be
recycled as renewable feedstocks for yeast cultivation
and subsequent biodiesel production. It should be noted
that the cost analysis in this study was based on only
one product, biodiesel. These models would be more
economical viable if the generated biomass residues and
by-products could be sold.

The economics of biodiesel production from microbial
oils relate to the cost-competitive feedstocks and tech-
nologies used in the process. In this study, the biocon-
version of crude glycerol waste by oleaginous yeast R.
mucilaginosa G43 in Model IV was considered as the
most economical process for biodiesel production as this
process required the lowest operating cost of biodiesel at
3.0 US$ kg~ ' which was about 3-5 times lower than
that using high grade nutrients (10-15 US$ kg™ '). As
this waste required less steps and equipment than the
wastes in Models I and II, the capital recovery cost asso-
ciated with installation and equipment would also be
lower. The biodiesel production from microbial oils in
this study showed high potential for industrial imple-
mentation due to their competitiveness in costs and
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contribution to zero-waste from industries. Other studies
have reported the biodiesel production costs from micro-
algal oils in the range of 2.59-5.42 US$ kg ' [37, 38].
While Alabi et al. [39] and Ratledge and Cohen [40] have
reported the relatively high production costs for oil from
microalgae in the range of 7.64-21 US$ kg™ '. For com-
parison to those production costs, information on capital
costs shall be collected and evaluated further.

Environmental impact

GHG emissions occur during the fermentation process
and in the life cycle of biodiesel generation. These GHG
emissions have certain environmental results. Therefore,
the LCA of biodiesel production must be evaluated in
order to find the environmental hotspots and to produce
biofuels with substantially less GHG emissions than the
fossil derived fuels [19]. The net GHG was determined
leveraging the inputs and outputs of the engineering
process model with life cycle inventory data. In this
study, GHG emissions expressed as CO, emissions from
each step in bioconversion of agro-industrial wastes into
biodiesel are shown in Figs. 2 and 3. Figure 5 summa-
rizes the pioneer CO, emissions from each model of bio-
diesel production. The CO, emissions from Models I
and II (57-58 kg CO,-eq) are much higher than those
from Models III and IV (35-37 kg CO,-eq). It was obvi-
ous that the CO, equivalents of the input chemicals
were much lower than those of heating operation during
acid hydrolysis in Models I and II (Fig. 2) and during
sterilization in all models. The CO, emissions from
these two processes are approximately 65-86% of total
CO, emissions. Alternative scenarios should be consid-
ered to reduce the environmental impact. The combined
process of acid hydrolysis with sterilization and the use
of non-sterile process may greatly contribute to potential
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reduction in emissions. Another strategy could be the
co-product utilization and optimization.

Conclusions

This study has shown that four types of agro-industrial
wastes could be converted into biodiesel. Among the
wastes tested, expired soft drinks representative for
syrup wastes could be used directly without any pre-
treatment and this contributes to the lowest cost re-
quired and the lowest CO, emission. Solid wastes from
brewery industry need acid hydrolysis and thermal treat-
ment to soluble nutrients and this process requires
much intensive energy and causes the highest CO, emis-
sions. Glycerol waste from biodiesel industry was not
suitable for yeast cell growth but it gave the highest oil
production and biodiesel yield. The techno-economic
analysis suggests that the use of glycerol waste as bio-
diesel feedstocks gives the highest profitability with the
lowest environmental impact per 1kg-biodiesel. The re-
cycling of glycerol waste as renewable feedstocks not
only reduces the production cost of biodiesel and CO,
emissions but also leads to a zero-waste process and
promote the circular economy.
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