
Applied Energy 113 (2014) 385–391
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier .com/locate /apenergy
Pilot-scale biodegradation of swine manure via Chrysomya megacephala
(Fabricius) for biodiesel production
0306-2619/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.apenergy.2013.07.056

⇑ Corresponding author. Address: Huazhong Agricultural University, No. 1
Shizishan Street, Wuhan 430070, Hubei Province, People’s Republic of China. Tel.:
+86 27 87281429; fax: +86 27 87280670.

E-mail address: lzd@mail.hzau.edu.cn (Z. Liu).
Sen Yang, Ziduo Liu ⇑
State Key Laboratory of Agricultural Microbiology, College of Life Science and Technology, Huazhong Agricultural University, Wuhan 430070, Hubei, People’s Republic of China

h i g h l i g h t s

� Swine manure was converted into C. megacephala larvae in a pilot scale plant.
� Larvae drying method was established to improve the properties of feedstock oil.
� The oil components from C. megacephala larvae fed swine manure was reported.
� Properties of C. megacephala larvae biodiesel met the EN 14214 standard.
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Swine manure may cause environmental pollution and resource waste if not handled properly on pig
farms. In this paper, the technology for pig manure biodegradation and biodiesel production using
Chrysomya megacephala (Fabricius) is described. About 700 kg of fresh pig manure (73% moisture) can
be converted within one week into 18.2 kg dried larvae biomass containing about 21.11% oil in a pilot
plant. The properties of the oil extracted from the larvae meal treated with three different drying meth-
ods were compared, indicating that the drying method may affect the properties of feedstock oil. The acid
value (1.9 mg KOH/g), iodine value (86.3 gI/100 g), melt point (3.1 �C) and peroxide value (0.08 meq/kg)
of the oil extracted from the larvae treated with both boiling water and oven-drying were superior to the
values of the larvae treated with either oven-drying or sun-drying directly. The main fatty acids of the
swine manure C. megacephala larvae oil were found to be composed of palmitic acid (36.91%), oleic acid
(27.67%), palmitoleic acid (10.89%) and linoleic acid (9.49%). Most of the properties of the biodiesel con-
verted from the feedstock oil by alkaline-catalyst transesterification met the EN 14214 standard in terms
of density (0.89 g/cm3), viscosity (5.1 mm2/s), ester content (96.6%), flash point (138 �C), cetane number
(56), water content (0.02%) and acid value (0.28 mg KOH/g). This study suggests that the swine manure-
grown C. megacephala larvae could be a feasible feedstock for a large-scale biodiesel production.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, manure treatment has been a recurring problem
for most pig industries in many countries [1]. With the raising ten-
dency to intensive and concentrated pig farming activities, a huge
amount of swine manure is produced every day, not only leading to
the potential environmental crisis caused by pathogens, parasites
and weed seeds [2], but also resulting in a suitable breeding
ground for the housefly (Musca domestica L.) when not properly
processed [3]. Consequently, solving this environmental headache
is urgent. Swine manure can be utilized as bio-fertilizer for crops
[4]. However, the continued land application for manure disposal
may result in excessive nutrient loss from soil to water, causing
water eutrophication and deteriorating ecosystem stability [5]. In
addition, swine manure can be converted into biogas by anaerobic
digestion, but it is essential to add co-substrates into manure like
vegetable processing wastes or apple waste to improve the meth-
ane yield by co-digestion [6,7]. Methane production has always
been relatively low using only manure for anaerobic fermentation
due to factors such as the high quantity of water, and unbalanced
carbon/nitrogen (C/N) ratio [8]. Another promising method is con-
verting swine manure into biodiesel using coprophagous insects.

Biodiesel is an important form of recyclable energies, and has
been considered an ideal substitute for fossil fuels [13]. However,
the feedstock cost and production scale are the main obstacles pre-
venting biodiesel from being used as a primary fuel [14]. The
coprophagous insects may degrade organic matter from swine
manure and transform it into biomass for oil/fat extraction. Insect
oil/fat, especially extracted from the larvae of the black soldier fly
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(Hermetia illucens L.), flesh fly (Boettcherisca peregrine) and blow fly
(Chrysomya megacephala) fed with solid organic wastes, has been
reported as a novel feedstock for biodiesel production [9–12].

C. megacephala is an important agent for estimating the post-
mortem interval (PMI) in forensic entomology and also an impor-
tant economic insect in orchards [15,16]. Also, it can become a po-
tential ideal candidate for a pilot-scale biodiesel production from
swine manure. With the well-investigated biological background
and high productivity [17], C. megacephala can be continuously
mass-reared to produce sufficient eggs, and the content of oil in
the C. megacephala larvae is 26.96%, higher than that of soybean
(20%) [12]. Furthermore, C. megacephala larvae can digest the
swine manure in 5–6 days, obviously more time-saving than black
soldier fly (about 15 days) [10]. While the C. megacephala larvae
biodiesel derived from food waste has been proved available
[12], it is mainly performed in the laboratory scale and, to the best
of our knowledge, little information is available about the pilot-
scale biodegradation of swine manure via C. megacephala for bio-
diesel production.

In this study, we established a pilot-scale plant with the daily
capacity to process about 100 kg fresh swine manure via C. mega-
cephala and produce approximately 0.5 L biodiesel. In addition, the
drying method of C. megacephala larval was optimized. The results
indicated that most of the properties of the C. megacephala F. larval
biodiesel produced in the pilot-scale plant met the EN 14214 bio-
diesel standard.
2. Materials and methods

2.1. Materials

The initial C. megacephala colony was established in 2010 by
collecting pupae bred in pig manure from National Engineering Re-
search Centre of Microbial Pesticides, Huazhong Agricultural
University.

Two types of fresh swine manure were collected from the Pig
Breeding Farm of Huazhong Agricultural University. One manure
contained sawdust (about 20% of volume), which was used as bed-
ding for the fattening pigs. The moisture was about 73%. The other
manure was obtained from breeding pigs fed by a standard grow-
ing diet and contained no sawdust. The moisture was about 78%.
2.2. Rearing of adult flies

Adult flies were kept at 26 �C with a photoperiod of 12:12 (L:D)
and a relative humidity of 75%. Flies were maintained in a nylon
cage (100 � 100 � 100 cm), with eight loops in each angle to hold
the adult shelf, as indicated in Fig. 1(a). This production cage was
specially designed for the pilot scale plant, which could be loaded
with up to 10,000 pupae and was used primarily for egg produc-
tion. Two batches of nylon cages were used in rotation to maintain
the stability of the egg production. The used cages were removed,
washed and sterilized with boiling water for another batch
production.

Two plastic trays (3 � 16 � 30 cm) were placed inside the cage,
one used to hold food (a mixture of powdered milk and sugar at a
ratio of 1:1) and the other used to hold a sponge soaked with
water. Food and water were fed to adult flies ad libitum, and the
trays were changed every two days. Another tray (7 �
15 � 30 cm) containing about 10,000 pupae 2–3 days before ex-
pected emergence was put inside one cage. An artificial diet (blood
meal, fish meal and wheat bran at a ratio of 1:2:7, 65% moisture)
was placed in a plate (10 cm diameter) and used as an oviposition
substrate to induce the adults to produce eggs. Eggs were collected
and weighed at 8:00 am every day. With 1 g of eggs being weighed
and counted under stereomicroscope, the volume of eggs from
each adult cage was recorded daily (1 g � 6500 eggs) during the
egg production period.

2.3. Structure and facilities

Floor plans for the biodiesel production facilities are illustrated
in Fig 2. The pilot plant was mainly made up of five parts: adult
rearing room, larval rearing room, pupae room, biodiesel produc-
tion room and storeroom. In the adult rearing room, three adult
shelves were placed for the egg production of the adult C. megacep-
hala flies colony, with two layers and two nylon cages on each
adult shelf (100 � 100 � 215 cm). In the larval rearing room, swine
manure biodegradation was performed in six larvae shelves, with
16 plastic tanks (60 � 42 � 14 cm) on each larvae shelf
(41 � 89 � 185 cm, eight layers) for manure loading. Pupae room
was specially designed for the pupation of the third instar C. mega-
cephala larvae. In the biodiesel production room, larvae were dried
and ground, followed by larvae oil extraction and biodiesel produc-
tion. In the storeroom, the products (biodiesel, fertilizer and feed-
stuff) were stored, with a corridor connecting these rooms. To
prevent the adult flies fleeing away, screen doors were installed
in the adult room and the pupae room; flypapers were also used
in the corridor to trap the escaped flies.

2.4. Biodegradation of swine manure

Fresh swine manure was collected and transported from the pig
farm every morning. As depicted in Fig. 3 and Fig. 1(b), 100 kg fresh
manure was distributed averagely into the 16 plastic tanks, and each
containing about 6 kg at a depth of 5 cm. Subsequently, C. megacep-
hala eggs were incubated in the manure (0.5 g eggs/kg manure)
about 1 day. After 6-day biodegradation, the third instar larvae were
separated from the substrate by sieving. Six larvae shelves in the lar-
vae room were used in rotation to ensure the daily processing capac-
ity of 100 kg manure. Approximately 4% mature larvae were picked
out and transferred to the pupae room for pupation. About 5 days la-
ter, the new eclosion adults were put into a cage for multiplication.
After 7-day rearing in the cage, the adults began to produce eggs.
The remaining 96% larvae were dried for oil extraction.

To evaluate the larval growth conditions in three substrates:
two types of manure (sawdust manure and fresh manure) and arti-
ficial diet, the substrates (5 kg) were weighed, spread into larval
tanks, and inoculated with 2.5 g eggs. Larval tanks with inoculated
substrates were kept in the larval rearing room until the larvae pu-
pated and 30 larvae were picked up randomly and weighed by
electronic balance (AUW120D, SHIMADZU Japan).

2.5. Optimization of drying methods

We hypothesized that the feedstock oil (larvae oil) properties
may be affected by the larvae drying method. After being separated
from the manure, 1 kg third instar C. megacephala larvae were
killed and dried directly in the oven (CH-0447, Jiangxi Fanqun Dry-
ing Equipment Factory China) at 60 �C for 12 h; 1 kg larvae were
dried under the sunlight for about 2 days; and 1 kg larvae were
killed by boiling water and then dried in the oven at 60 �C for
12 h. The three types of dried larvae were ground to pass through
a 40 mesh screen, respectively. The larvae meal was then sealed in
a cloth filter bag immersed in petroleum ether (bp. 60–80 �C) with
stirring for oil extraction [18]. After 48 h leaching, solvent was
recycled by vacuum distillation. The oil of dried C. megacephala lar-
vae was calculated by the weight loss before and after extraction.

Properties of the three oils derived from larvae treated with
three different drying methods were analyzed according to the
standard methods (ASTM) in terms of acid value, iodine value,



Fig. 1. Photos of (a) adult cage (100 � 100 � 100 cm); (b) C. megacephala larvae shelve with plastic tanks (60 � 42 � 14 cm), with a maximum capacity of 100 kg of manure
per shelf.

Fig. 2. Floor plans for the swine manure biodegradation for the biodiesel production pilot plant.
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saponification value and melt point. Oxidation stability was deter-
mined by the EN 14112 standard.

2.6. Biodiesel production

Fig. 3 outlines the procedures used to produce biodiesel from
feedstock oil. As can be seen, larvae oil, methanol (molar ration
6:1) and 1.6% KOH (Potassium hydroxide, as catalyst) were added
into an autoclave for transeterification at 55 �C for 30 min, with
agitation by a magnetic stirrer [12]. After the reaction, the mixture
was separated by gravity. The upper layer was crude biodiesel and
the lower layer was glycerin and water. Finally, the crude biodiesel
were purified by distilling to remove the residual methanol and
dried with sodium sulfate to remove the residual water.



Fig. 3. Procedures for producing biodiesel from swine manure via C. megacephala.
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Fig. 4. Productivity of one cage with adult C. megacephala flies. Yield (Mean ± SE,
n = 3) of eggs in one cage (100 � 100 � 100 cm) collected during the first 6 weeks
from the 7th day after emergence, 1 g � 6500 eggs; Each adult cage contains 10,000
pupae.

388 S. Yang, Z. Liu / Applied Energy 113 (2014) 385–391
2.7. Analysis

The fatty acid composition in the larvae oil was analyzed with a
Thermo-Finnigan GC–MS system equipped with a polyethylene
glycol phase capillary column (Agilent, USA) as previously de-
scribed [19].

Biodiesel properties were measured in density (EN ISO 3675),
viscosity (EN 3105), ester content (EN 14105), water content (EN
ISO 12937), flash point (EN ISO 3679), and cetane number (EN
ISO 5165).

The data obtained were submitted to analysis of variance, using
the general linear model procedure of SPSS17.0 software. The sig-
nificance of differences among treatments was tested by Duncan’s
multiple-range test and a level of P < 0.05 was used as the criterion
for statistical significance.

3. Results and discussion

3.1. Rearing of adult flies

Fig. 4 shows the productivity of one cage of adult C. megacephala
flies, i.e., about 10,000 pupae in one adult cage (100 � 100 �
100 cm), and an eclosion rate of 80%. The amount of eggs collected
one week after emergence was small (2.3 ± 0.9 g), followed by a dra-
matically increase (71.5 ± 4.8 g) during the second week and then
the peak (114.2 ± 13.2 g) and the secondary peak (81.9 ± 8.8 g) dur-
ing the third and the fourth week, respectively. It indicated that the
old flies should be eliminated, and the cage should be prepared for
another adult rearing four weeks after emergence.

Maintaining a sufficient and continuous egg production is
essential for the conversion of swine manure into larvae biomass
for oil extraction. Many factors can influence the oviposition of
adult flies, such as fly strain, adult diet and adult population den-
sity [20–22]. But in our previous work, higher population density
(>10,000 pupae) in adult cage may lead to high fatal rate (unpub-
lished paper).

3.2. Swine manure biodegradation

As shown in Table 1, the three media (fresh swine manure, saw-
dust swine manure and artificial diet) were converted into C. mega-
cephala larvae at a varying yield. Artificial diet achieved the highest
larvae yield (12.39%), followed by sawdust swine manure (9.64%)
and fresh swine manure (9.58%). Two previous studies reported
that the yield of housefly pupae derived from pig manure in the
Miloslavov pilot plant reached 4.8–8.1%, and 7.8% of the black sol-
dier fly prepupae reared in poultry manure [22,23].

As shown in Fig. 5, the highest individual weight
(0.0828 ± 0.0015 g) for the larvae from the artificial diet occurred
on the fourth day, but that for the larvae from two types of swine
manure emerged on the fifth day, probably because fish meal and
blood meal in the artificial diet provided sufficient nutrition for lar-
vae growth. The individual weight (0.0661 ± 0.0116 g) ofC. mega-
cephala larvae fed with sawdust swine manure is relatively
higher than that of larvae fed with only swine manure
(0.0521 ± 0.0027 g), probably due to the loose structure and good
aeration of the former medium [24].

Oil content in larvae derived from sawdust swine manure was
21.11%, slightly higher than that of fresh swine manure (20.01%),
but obviously lower than that of artificial diet (25.72%). It is re-
ported that the oil content in C. megacephala larvae fed with food



Table 1
Yields of residue, C. megacephala larvae and oil from fresh swine manure, sawdust
swine manure and artificial dieta.

Items Fresh swine manure Sawdust swine manure Artificial diet

Residue (%) 74.45 ± 1.71 83.71 ± 2.03 49.85 ± 3.34
Larvae (%) 9.58 ± 0.25 9.64 ± 0.34 12.39 ± 0.63
Oil (%) 20.01 ± 0.44 21.11 ± 0.24 25.72 ± 2.05

a There were four replicates per medium and all data were based on dry matter;
residue and larvae yields were the percentages of residue and larvae per 100 kg of
media, respectively; oil yield was the percentage of oil per 100 kg of larvae; artificial
diet: 70% wheat bran, 20% fish meal and 10% blood meal.
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Fig. 5. Individual weight of C. megacephala larva fed with fresh swine manure;
sawdust swine manure and artificial diet (70% wheat bran, 20% fish meal and 10%
blood meal).

Table 2
Properties (mean ± SE) of larval oil extracted from the third instar C. megacephala
larvae using three drying methods.

Properties Oven-drying
(60 �C, 12 h)

Sun-drying Bathing with boiling water
and oven-drying (60 �C,
12 h)

Acid value
(mg KOH/g)

8.8 ± 0.4a 7.0 ± 1.3a 1.9 ± 0.1b

Iodine value
(gI/100 g)

88.5 ± 0.8 87.1 ± 0.6 86.3 ± 0.7

Saponification
value
(mg KOH/g)

218.1 ± 2.6 217.2 ± 3.8 215.8 ± 2.7

Density
(kg/m3)

924.0 ± 13.5 937.3 ± 13.8 941.3 ± 10.7

Melt point (�C) 3.8 ± 0.2a 3.4 ± 0.2ab 3.1 ± 0.1b

Peroxide value
(meq/kg)

0.20 ± 0.03a 0.16 ± 0.02a 0.08 ± 0.01b

ab In the same row, values with different small letter superscript mean significant
difference (P < 0.05).
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waste ranged from 24.40% to 26.29% [12]. Besides, the oil content
in larvae fed with sawdust swine manure was higher than that in
soybean (20%), which is a common feedstock for the production
of biodiesel in the USA [25].

The highest residue yield was from sawdust swine manure
(83.71%); followed by the fresh swine manure (74.45%) and the
artificial diet (49.58%). The residues were rich in fiber, nitrogen
and phosphorus, and can be used to produce organic fertilizers or
other renewable energies by fermentation [26,27].
Table 3
Comparison of fatty acids composition of oil derived from C. megacephala larvae fed
with swine manure and restaurant garbage, respectively.

Composition Structure Swine
manure

Restaurant garbage
[12]

Myristic acid 14:0 1.90 3.91
Pentadecanoic acid 15:0 3.03 0.33
Palmitic acid 16:0 36.91 35.48
Margaric acid 17:0 1.38 0.32
Stearic acid 18:0 5.21 2.77
Arachidic acid 20:0 – 0.36
Total saturated fatty acid 48.43 43.17
Palmitoleic acid 16:1 10.89 13.02
Hexadecadienoic acid 16:2 1.31 0.70
Oleic acid 18:1 27.67 24.38
Linoleic acid 18:2 9.49 15.26
Linolenic acid 18:3 0.98 1.25
Total unsaturated fatty acid 50.34 54.62
3.3. Optimization of drying methods

Table 2 presents the properties of the larval oil extracted from
the third instar C. megacephala larvae with three different drying
methods. The acid value of the oil from the larvae treated with
both boiling water and oven-drying was 1.9 mg KOH/g, signifi-
cantly lower than that of the larvae treated with oven-drying
(8.8 mg KOH/g, P = 0.001) method or sun-drying (7.0 mg KOH/
g,P = 0.004). Acid value indicates the amount of free fatty acid in
oil, and generally the feedstock oil with an acid value higher than
5 mg KOH/g is not suitable for direct alkaline-catalyst transesteri-
fication [28]. Our result is consistent with one previous study that
the free fatty acid content in micro-algae lipids can be affected by
drying method [29].

In contrast to the oven-drying and sun-drying treatments, the
iodine and saponification values of the oil from the larvae treated
with both boiling water and oven-drying were slightly decreased
to 86.3 gI/100 g oil and 215.8 mg KOH/g, respectively, but have
no significant (P < 0.05); the melt point and the peroxide value
were significantly (P < 0.05) reduced to 3.1 �C and 0.08 meq/kg.
The melting point refers to the freezing point of an oil, and the per-
oxide value indicates the level of rancidity during oil storage. All
the data suggest that bathing live larvae in boiling water before
oven-drying could improve the properties of feedstock oil for the
coming biodiesel production.

In spite of substantial cost savings, the treatment of larvae with
sun-drying requires enough land and more importantly depends
on weather. Oven-drying larvae directly can save work, but the
properties of the feedstock oil were negatively affected. Therefore,
the cost effective method to process live larvae was the combined
treatment with boiling-water and oven-drying, which can also be
used in a large-scale larvae production.
3.4. Larvae oil chemical composition

Table 3 shows the fatty acids composition of the oil derived
from C. megacephala larvae fed with swine manure. Totally, 10 dif-
ferent fatty acids were detected, and the main fatty acids identified
were palmitic acid (36.91%), palmitoleic acid (10.89%), oleic acid
(27.67%) and linoleic acid (9.49%). Except for the minor differences
in the relative content of fatty acids, the composition of the swine
manure larvae oil is similar to that of the restaurant garbage larvae
oil [12].

The total saturated fatty acid composition of the C. megacephala
larvae oil was 48.43%, higher than that of restaurant garbage larvae
oil (43.17%) [12]. Saturated short-chain esters may be suited for
biodiesel [30].

Two fatty acids with an odd carbon number were identified
from C. megacephala larvae oil: pentadecanoic acid (3.03%) and
margaric acid (1.38%).The content of total odd carbon fatty acids
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was 4.41%, higher than that of the restaurant garbage C. megacep-
hala larvae oil (0.65%) [12]. The odd carbon fatty acids do not exist
in oilseeds plants, but can be found in insects. There is no odd car-
bon fatty acid in rape biodiesel [31], but the content odd carbon
fatty acids is 5.8% in the yellow mealworm beetle (Tenebrio molitor)
biodiesel [18], and 2.4% in the B. peregrine larvae biodiesel [11]. It is
notable that the fatty acid methyl esters derived from odd-carbon
fatty acids have a better low temperature performance than those
from even-carbon fatty acids [32].

3.5. Biodiesel properties

In this study, about 0.5L of biodiesel was produced from C.
megacephala larvae fed with 100 kg of swine manure by the alka-
line-catalyst transesterification method.

The swine manure larvae biodiesel properties were compared
with those of the restaurant garbage larvae biodiesel in density,
viscosity, ester content, flash point, cetane number and acid value,
which were further compared with the EN 14214 standard [12].
Most of the fuel properties of C. megacephala biodiesel met the
specifications of the EN 14214 standard, as listed in Table 4. The
viscosity (5.1 mm2/s) was higher than that of the restaurant gar-
bage larvae biodiesel (4.0 mm2/s), but lower than that of rapeseed
biodiesel (6.35 mm2/s) and the black soldier fly biodiesel
(5.8 mm2/s) [10,12,33]. It is reported that viscosity affects the
atomization of a fuel upon injection into the combustion chamber
and the structure of fatty acid alkyl esters [34]. The flash point of
swine manure larvae oil-based biodiesel (138 �C) agrees well with
the minimum specifications in the EN 14214 standard (120 �C),
lower than that in the restaurant garbage larvae oil-based biodiesel
(170 �C) [12]. However, the cetane number in swine manure larvae
biodiesel (56) was higher than that in restaurant garbage larvae
biodiesel (54.8). Cetane number is a dimensionless descriptor re-
lated to the ignition quality of a fuel in a diesel engine. Generally,
the higher the cetane number, the better the ignition quality of the
fuel and vice versa [30]. At last, oxidation stability of swine manure
larvae was 4.2 h, shorter than the EN 14214 standard (6 h) but
longer than that of restaurant garbage larvae oil-based biodiesel
(3.6 h) [12]. Oxidation stability refers to anti-oxidation and the
ability of a biodiesel or oil product to maintain the related quali-
ties. It could be expressed by induction period (hour), which passes
between the moment when the measurement is started and the
moment when the formation of oxidation products rapidly begins
to increase.

3.6. Economic benefit analysis

Actually, it is a project on comprehensive utilization of the
swine manure via CML. About 5L (4.45 kg) biodiesel, 20 kg de-
Table 4
Properties of biodiesel produced from C. megacephala larvae derived from swine
manure and restaurant garbage.

Properties Units EN
14214

Swine
manure

Restaurant garbage
[12]

Density g/cm3 0.86–
0.90

0.89 0.87

Viscosity 40 �C mm2/s 3.5–5.0 5.1 4.0
Ester content % >96.5 96.6 n/a
Water % <0.05 0.02 0.03
Flash point �C >120 138 170
Cetane number >51 56 54.8
Acid value mg

KOH/g
<0.5 0.28 0.35

Oxidation
stability

h >6 4.2 3.6

Distillation, T90
AET

�C 360 358.0 337.0
greased CML meal and 240 kg organic fertilizer (20% moisture)
could be obtained from 1 ton fresh swine manure in our pilot-scale
study. These products will produce about 319 RMB gross profits
according to the current China market quotations. In China, about
258 million tons of swine manure are generated each year [35]. In
the hypothesis of processing 50% manure with this method,
approximately 0.57 million tons of biodiesel could be produced,
which is equivalent to the yield of biodiesel from 2.85 million tons
of soybean that cost 19.95 million RMB in China [36]. Thus it can be
seen that CML biodiesel not only can bring the profits and mitigate
the crisis of energy shortage but also has the potential environ-
mental and social benefits.
4. Conclusions

A pilot-scale swine manure biodegradation system via C. mega-
cephala (Fabricius) has been successfully established to produce
larvae biomass for biodiesel production. The maximum larvae pro-
ductivity reached 9.64% with a corresponding oil concentration of
21.11%. About 2 kg degreased larvae meal and 0.5 L biodiesel were
produced from 100 kg fresh swine manure (73% moisture) per day
in this pilot-scale plant. Larvae drying method was found to be a
factor for the properties of feedstock oil and thus was optimized.
The acid value (1.9 mg KOH/g), iodine value (86.3 gI/100 g), melt
point (3.1 �C) and peroxide value (0.08 meq/kg) of the oil extracted
from the boiling-water bathed larvae were improved compared
with oven-drying larvae or the sun-drying larvae. Compared with
the C. Megacephala oil derived from restaurant garbage, the swine
manure larvae oil has a higher content of saturated fatty acid
(48.43%) and odd-carbon fatty acid (4.4%). Furthermore, the larvae
biodiesel properties met the EN 14214 standard in density (0.89 g/
cm3), viscosity (5.1 mm2/s), ester contents (96.6%), flash point
(138 �C) and cetane number (56). The results of this research dem-
onstrated that C. Megacephala larvae can recycle swine manure
into renewable energy, and reduce environmental pollution. This
study suggests that the swine manure-grown C. megacephala lar-
vae could be a feasible feedstock for a large-scale biodiesel
production.

Acknowledgments

This study was supported by Grants from the National Natural
Science Foundation of China (No. J1103510).

References

[1] Flotats X, Bonmatí A, Fernández B, Magrí A. Manure treatment technologies:
on-farm versus centralized strategies. NE Spain as case study. Bioresour
Technol 2009;100(22):5519–26.

[2] Larney FJ, Hao X. A review of composting as a management alternative for beef
cattle feedlot manure in southern Alberta. Canada Bioresour Technol
2007;98:3221–7.

[3] Farkas R, Hogsette JA, Borzsonyi L. Development of Hydrotaea aenescens and
Musca domestica (Diptera: Muscidae) in poultry and pig manures of different
moisture content. Environ Entomol 1998;27:695–9.

[4] Shafqat MN, Pierzynski GM. Bioavailable phosphorus in animal waste
amended soils: using actual crop uptake and P mass balance approach.
Environ Sci Technol 2011;45(19):8217–24.

[5] Westerman PW, Bicudo JR. Management considerations for organic waste use
in agriculture. Bioresour Technol 2005;96(2):215–21.

[6] Molinuevo-Salcesa B, González-Fernándeza C, Gómezb X, García-Gonzáleza
MC, Moránb A. Vegetable processing wastes addition to improve swine
manure anaerobic digestion: evaluation in terms of methane yield and SEM
characterization. Appl Energy 2012;91(1):36–42.

[7] Kafle GK, Kim SH. Anaerobic treatment of apple waste with swine manure for
biogas production: batch and continuous operation. Appl Energy 2012;103:
61–72.

[8] Angelidaki I, Ahring BK. Thermophilic anaerobic digestion of livestock waste:
the effect of ammonia. Appl Microbiol Biotechnol 1993;38:560–4.

[9] Li Q, Zheng L, Hou Y, Yang S, Yu Z. Insect fat, a promising resource for biodiesel.
J Pet Environ Biotechnol 2011. http://dx.doi.org/10.4172/2157-7463.S2-001.

http://refhub.elsevier.com/S0306-2619(13)00623-5/h0005
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0005
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0005
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0010
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0010
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0010
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0015
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0015
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0015
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0020
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0020
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0020
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0025
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0025
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0030
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0030
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0030
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0030
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0035
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0035
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0035
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0040
http://refhub.elsevier.com/S0306-2619(13)00623-5/h0040
http://dx.doi.org/10.4172/2157-7463.S2-001


S. Yang, Z. Liu / Applied Energy 113 (2014) 385–391 391
[10] Li Q, Zheng L, Cai H, Garza E, Yu Z, Zhou S. From organic waste to biodiesel:
Black soldier fly, Hermetia illucens, makes it feasible. Fuel 2011;90(4):1545–8.

[11] Yang S, Li Q, Zeng Q, Zhang J, Yu Z, Liu Z. Conversion of solid organic wastes
into oil via Boettcherisca peregrine (Diptera: Sarcophagidae) larvae and
optimization of parameters for biodiesel production. PLoS ONE
2012;7(9):e45940. http://dx.doi.org/10.1371/journal.pone.0045940.

[12] Li Z, Yang D, Huang M, Hu X, Shen J, Zhao Z, et al. Chrysomya megacephala
(Fabricius) larvae: a new biodiesel resource. Appl Energy 2012;94:349–54.

[13] Hill J, Nelson E, Tilman D, Polasky S, Tiffany D. Environmental, economic, and
energetic costs and benefits of biodiesel and ethanol biofuels. Proc Natl Acad
Sci 2006;103:1206–10.

[14] Park J, Kim D, Lee J. Blending effects of biodiesels on oxidation stability and
low temperature flow properties. Bioresour Technol 2008;99:1196–203.

[15] Catts EP, Goff ML. Forensic entomology in criminal investigations. Annu Rev
Entomol 1992;37:253–72.

[16] Sung IH, Lin MY, Chang CH, Cheng AS, Chen WS. Pollinators and their behaviors
on mango flowers in southern Taiwan. Formos Entomol 2006;26:161–70.

[17] Gabre RM, Adham FK, Chi H. Life table of Chrysomya megacephala (Fabricius)
(Diptera: Calliphoridae). Acta Oecolog 2005;27(3):179–83.

[18] Zheng L, Hou Y, Li W, Yang S, Li Q, Yu Z. Exploring the potential of grease from
yellow mealworm beetle (Tenebrio molitor) as a novel biodiesel feedstock. Appl
Energy 2012;101:618–21.

[19] Zullaikah S, Lai CC, Shaik RV, Ju Y. A two-step acid-catalyzed process for the
production of biodiesel from rice bran oil. Bioresour Technol 2005;96:
1889–96.
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