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Bioenergy is renewable energy and offers the promise for
reducing dependency on fossil fuels.Themain environmental
impacts of bioenergy are associated with land use and
greenhouse gas emission.This special issue coversmultidisci-
plinary approaches and intensive research orientations for the
real challenges in bioenergy and its environmental impacts.
For this special issue, we received 35 submissions from all
over the world. After an initial screening, 6 submissions were
declared “out of scope” and the remaining 29 were sent to
reviewers. All manuscripts underwent a very rigorous peer
review process. We finally selected 12 full papers and 1 review
paper for this special issue. In this issue, bioenergy from
algae is highly concerned, including oil production from
microalgae, life cycle fossil energy ratio of algal biodiesel,
microbial fuel cell (MFC) with photosynthetic algae cathode,
and algal biofuel production with wastewater. MFC, a new
technology for electricity generation fromwaste and biomass,
is popular in this special issue. The authors reported that
the use of nanostructured manganese oxide as cathodic
catalyst and the use of carbon nanofiber modified graphite
felt as anode can significantly enhance MFC performance.
The review paper focused on the state-of-the-art method for
assessing the greenhouse gas (GHG) emission reduction by
developing energy crops and a new approach combining life
cycle analysis (LCA) with biogeochemical process models
to assess GHG emission reduction. Although research on
bioenergy has increased in recent years, the study of develop-
ing and screening the most suitable and economically viable
technology needs much further attention.
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This study aims to construct an MFC with a photosynthetic algae cathode, which is maintained by self-capturing CO
2
released

from the anode and utilizing solar energy as energy input. With this system, a maximum power density of 187mW/m2 is generated
when the anode off gas is piped into the catholyte under light illumination, which is higher than that of 21mW/m2 in the dark,
demonstrating the vital contribution of the algal photosynthesis. However, an unexpected maximum power density of 146mW/m2
is achieved when the anode off gas is not piped into the catholyte. Measurements of cathodic microenvironments reveal that algal
photosynthesis still takes place for oxygen production under this condition, suggesting the occurrence of CO

2
crossover from anode

to cathode through the Nafion membrane. The results of this study provide further understanding of the algae-based microbial
carbon capture cell (MCC) and are helpful in improving MCC performance.

1. Introduction

Microbial fuel cells (MFCs) are devices that convert organic
waste material into electricity energy by using microorgan-
isms as biocatalysts. The environmentally friendly process
has been gaining international attention in recent years as
an advanced technology for both electricity generation and
waste treatment [1–3]. Common MFC is a dual-chamber
system, consisting of an anode and a cathode chamber that
is separated by a proton exchange membrane (PEM) [4]. In
such a system, oxygen must be continuously supplied for the
reaction in the cathode, leading to extra energy consumption
for aeration [5]. Therefore, requiring continuous aeration is
obviously a limitation for real-world applications of MFCs
because of its economic and environmental cost.

As a solution to eliminate or maintain minimum energy
consumption for cathode aeration, recently studies have
proposed the integration of algal photosynthesis with MFCs,
which was known as photo MFCs [6–8]. In such a system,
oxygen was produced in situ in the cathode compartment
through the algal photosynthesis. It is known that algae are
responsible for ca. 75% of the earth’s oxygen production

during their uptake of carbon dioxide (CO
2
) under solar

light illumination [9, 10]. Therefore, the algae-based photo
MFCs are capable of simultaneously fixing CO

2
, generat-

ing electric energy, and treating wastewater, representing a
more advanced technique as compared with the conven-
tional MFCs [11–13]. In these cases, CO

2
was required to

be continuously supplied to the cathode compartment to
maintain high energy generation. Similar to aeration, CO

2

purging consumed extra energy, representing an unsustain-
able option in terms of economy. In this regard, Wang et
al. [14] demonstrated a new microbial carbon capture cell
(MCC) in which CO

2
generated from substrate degradation

in the anode chamber was directly introduced to the cathode
for the O

2
production via algal photosynthesis. This MCC

represents an effective technology for simultaneous CO
2

emission reduction and voltage output without aeration. In
spite of the advantages, this system is still in its infancy stage.
To date, there are still very few attempts regarding howMCCs
will work in a more sustainable manner.

The objective of this study was to fully understand MCC
systems in terms of electric energy production performance
and measure the microenvironments of the photocathode
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Figure 1: Schematic diagram (a) and experimental setup (b) of an MCC. CO
2
is transported through a silicon tube, fixed on the chambers.

under various circumstances to reveal the underlying mech-
anisms of cathode reactions. For this purpose we constructed
an MCC system and examined its power generation process
under light-on and light-off circumstances. Variations in
pH and dissolved oxygen in the catholyte were monitored
in situ with microelectrodes during the circumstances. In
addition, conventional electrochemical techniques were used
to reveal the catalytic activities of both anode and cathode.
Scanning electron microscopy was employed to explore the
morphology of biofilms formed on both the anode and the
cathode. Generation of bioelectricity by theMCCwas related
to pH and oxygen variations at the cathode. The results from
this study are expected to be helpful in further improving
MCC performance.

2. Materials and Methods

2.1. MCCs Setup and Operation. TheMCCs consisted of two
100mL glass bottles as two chambers separated by a piece of
PEM as shown in Figure 1. Gas generated from the anode
was piped into the catholyte. The anode was made of carbon
fiber brushes and the cathode was carbon felt (3 cm × 3 cm)
containing 0.1mg/cm2 Pt catalyst (10%, Pt loading, HESEN,
China). To coat the Pt catalyst to the carbon felt, Pt/C
powder was mixed with Nafion solution and then applied
to the carbon felt surface with a brush. Both electrodes
were connected with titanium wire. A white light LED (light
intensity of 2000 lx) was employed to continuously illuminate
the cathode.When operated in the dark, the cathode chamber
was wrapped with an aluminium foil. All experiments were
conducted in duplicate.

The MCC anode chamber was inoculated with 10mL of
activated anaerobic sludge (Liede Sewage Treatment Plant,
Guangzhou, China) and 90mL of culturemedium (pH= 7.0).
The anode culture medium contained sodium acetate (1,000
mg L−1), NaH

2
PO
4
⋅2H
2
O (2.77 g L−1), Na

2
HPO
4
⋅12H
2
O

(11.40 g L−1), NH
4
Cl (0.31 g L−1), KCl (0.13 g L−1), a vitamin

stock solution (12.5mL L−1), and a mineral stock solution
(12.5mL L−1) [15]. The acetate-free phosphate buffered
solution was used as cathode medium. To start up the MCC,
the cathode was firstly purged with oxygen. After the voltage
output was stabilized, Chlorella vulgaris was introduced into

the cathode chamber and the LED lamp was turned on to
illuminate the cathode chamber. C. vulgaris was purchased
from FACHB-Collection (FACHB 1068, China) and cultured
in an illuminated autoclaved flask aerated with air. The algae
suspension was centrifuged (10,000×g) and washed 3 times
with DI water before added to the cathode compartment.
Then the cathode chamber was purged with N

2
to exclude

the influences of the remained oxygen before piping CO
2
.

The power density curves of the MCC were obtained by
changing the circuit resistor from 10,000 to 50Ω. All tests
were conducted in batch mode in a 30∘C incubator. The cell
voltage was recorded every 2min by a digital multimeter
connected to a computer. The power was normalized by the
projected surface area of the cathode.

2.2. MicroelectrodeMeasurements. The cathode pHmeasure-
ments were conducted continuously using a pH microsensor
(50 𝜇m in diameter, response time of ca. 30 s) connected to
a multimeter (Unisense, Aarhus, Denmark) for 60 hours.
The sensor was calibrated using standard pH buffers before
use. Oxygen was measured incessantly using an oxygen
microsensor (50 𝜇m in diameter, response time of ca. 5 s)
connected to the same equipment for 60 hours. Before
taking measurements, the oxygen microsensor was polarized
at +800mV to achieve a stable signal output. The sensor
was calibrated in both oxygen-saturated and oxygen-free
solutions.

2.3. Analytical Techniques. Cyclic voltammograms (CVs)
were conducted in a conventional three-electrode electro-
chemical system by a potentiostat (CHI660D, Chenhua
Instrument, China). A saturated calomel electrode (SCE) was
used as reference electrode. The anode and cathode of the
MCC were used as working and counter electrode, respec-
tively. The linear sweep voltammetry (LSV) of the cathode
was measured with potentials ranging from +0.4 V to −0.7 V
(versus SCE) by the potentiostat. Sodium acetate concentra-
tion was determined by HPLC (Waters1525, Binary HPLC
Pump). Samples were filtered (0.2𝜇m filter) before HPLC
analyses using an Agilent Zorbax SB-C18 (250 × 4.6mm,
5 𝜇m) column, with 0.01mol L−1 phosphate buffer as the
mobile phase (1.0mL/min). Scanning electron microscopy



The Scientific World Journal 3

(SEM) was used to study the morphologies of the cathode
algae and the anode bacteria, respectively. Briefly, biofilms
formed on the anode and the cathode were fixed directly
with glutaraldehyde (2.5%, final) for 5 h. Furthermore, the
biofilms were washed and dehydrated by successive 30min
incubations in 25% ethanol, 50% ethanol, 70% ethanol, and
100% ethanol. After dehydration, the biofilms were dried
with a critical-point dryer (HCP-2, Hitachi, Japan).The same
treatment was conducted for the cathode. The specimens
were observed by SEM (JEOL, JSM-6330F, Japan).

3. Results and Discussion

3.1. Power Generation of the MCC in Response to Light
Illumination. After the MCC was started up and produced
stable voltage using an MFC mode with an aerated Pt/C
cathode, the anode off gas was piped into the catholyte and
C. vulgaris was introduced into the cathode compartment.
As shown in Figure 2(a), after startup of the MCC, the
voltage output from the MCC was significantly affected
by illumination. The peak voltage reached 0.60V under
illumination at 2000Ω. Without aeration in this period, the
cathode reaction depended on the O

2
generated by algal

photosynthesis in the cathode compartment. Once the light
was turned off, the voltage started to decline, resulting in a
final voltage output of 0.1 V in the dark. It is worthmentioning
that the uptake of CO

2
is critical for algal photosynthesis. In

this case, CO
2
generated from the anode was piped into the

catholyte to support the algal photosynthesis.The variation of
the voltage was consistent with the findings by Xiao et al. [8]
who purged the algal cathode with CO

2
gas. It was expected

that no voltage would be produced if the CO
2
produced in

the anode chamber was no longer piped into the cathode.
However, considerable although slightly smaller voltage was
still generated with the same response on the light.

Furthermore, power densities of the MCCs and individ-
ual potentials of electrodes under different operation modes
were evaluated and the results were shown in Figures 2(b)
and 2(c). When the MCC was continuously illuminated,
the maximum power densities were 187mW/m2 (1.7W/m3
by normalizing to the anode volume) and 146mW/m2
(1.3W/m3) when CO

2
was piped or not piped into the

catholyte, respectively. These values were significantly higher
than that of 21mW/m2 obtained in the dark. As shown in
Figure 2(b), the differences in peak power densities were
mainly caused by the performance of cathode. The produced
power per anode volume was comparable with the previous
results [11, 16], but a little smaller than that reported byWang
et al. [14]. The difference in power density possibly resulted
from the different reactor configurations. Here, we used a
traditional H-type reactor with easily maintained anaerobic
environment for the anode, but such a reactor had a higher
internal resistance as compared with that used by Wang et
al. [14], resulting from the long distance between the anode
and the cathode and the small size of the Nafion membrane
[17, 18].

On the other hand, results of previous study showed
that light was the most important parameter for MCCs

performance. Light dependent performance of the algal
photoMFCwas also observed byGouveia et al. [19] However,
a self-sustained sediment phototrophicMFC containing both
photosynthetic microorganisms and heterotrophic bacteria
was reported to generate a higher power density in darkness
than that in the light [20]. The inconsistency of results in the
effect of light on MFCs is attributed to the different nature of
algae [16].

3.2. Electrochemical and Morphological Characteristics of the
Electrodes. As mentioned above, the performance of the
MCC was mainly limited by the cathode. However, a stable
bioanode should be maintained for voltage output during the
examined light-on and -off periods. As shown in Figure 3(a),
sigmoidal CVs were observed from all anodes for the first
5 days, demonstrating catalytic oxidation of acetate by these
bioanodes. At the 9th day, no catalytic current was observed,
which suggested the complete consumption of acetate (Fig-
ure 3(a), inset). In this case, a nonturnover CVbehavior of the
bioanode was observed, which showed two major redox cou-
ples. The CV was similar to those reported electrochemically
active biofilms based on Geobacter sulfurreducens [21, 22].

On the other hand, linear sweep voltammetry (LSV)
was used to investigate the electrochemical catalytic reaction
of the cathode. As shown in Figure 3(b), catalytic current
from oxygen reduction was observed when the cathode was
piped with the anode off gas and illuminated with light.
A decreased catalytic current of the oxygen was observed
when the cathode was not piped with the anode off gas,
suggesting lower dissolved oxygen in the catholyte under this
condition. The catalytic performance of the cathode was well
consistent with the voltage and power output as mentioned
above, further suggesting the influence of the cathode on
the performance of the MCC. After long-term operation,
the morphologies of both the anode and the cathode were
revealed with SEM. Figures 4(a) and 4(b) showed the present
of clustered bacteria on the anode, suggesting formation of
electrochemically active biofilm. Similarly, biofilm was also
formed on the cathode electrode, demonstrating that algal
cells were also possible to adsorb on the surface of the cathode
as shown in Figure 4(c). Figure 4(d) showed the algal cells
were in round-shape.

3.3. The Cathodic Microenvironments. DO and pH in the
cathode chamber are important parameters affecting the
electricity generation in theMCC. DO concentration and pH
were in situ determined using microelectrodes. As shown in
Figure 5, the maximal concentration of DO reached 4.5mg/L
when the anode off gas was piped into the cathode and the
illuminated cathode compartment. Meanwhile, the maximal
concentration of DO reached 1.2mg/L when the anode off
gas was not piped into the illuminated cathode compartment.
The unexpected oxygen production was believed to result
from algal photosynthesis because oxygen concentration
in the catholyte was in response to light illumination. As
mentioned above, CO

2
is required for photosynthesis by

algae. Therefore, it is deduced that CO
2
generated in the

anode chamber had possibly entered the cathode chamber
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Figure 2: (a) Potential changes of theMCCs under different circumstances (black line is when CO
2
travelled through the silicon tube and red

line is when CO
2
travel through the silicon tube was blocked with a clip. The symbols of moon and sun represent dark and light conditions,

resp.). (b) Power density and polarized curves of the MCCs operated under various conditions. (c) Individual cathode and anode potentials
versus current density curves (black line: CO

2
travelled through the tube under light illumination; red line: CO

2
travel through the silicon

tube was blocked under light illumination; blue line: CO
2
travelled through the silicon tube in the dark).

through a pathway other than the external pipe. In other
words, it is believed that CO

2
crossover through the Nafion

membrane from the anode to the cathode compartment took
place in the MCC. The phenomenon of CO

2
crossover from

the anode to the cathode through the Nafion membrane
was previously confirmed in a direct methanol fuel cell [23],
which supported our hypothesis.

The pH of the catholyte increased from 7.3 to 8.3 when the
CO
2
generated from the anode was piped into the cathode

chamber under illumination, which was likely due to oxygen
reduction. Note that the pH variation was well associated
with the voltage output process during the light-on and -off
circumstances. As previously reported, the MFC cathode
reaction could elevate the pHof the catholyte to above 12 [24].
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Figure 3: (a)The cyclic voltammograms (CVs) of the anode at different times (inset demonstrates the relationship between time and acetate
concentration). (b) The LSV of the cathode under various conditions (black line: CO

2
travel through the tube was allowed under light

illumination; red line: CO
2
travel through the silicon tube was blocked under light illumination; blue line: CO

2
was allowed to travel through

the tube in the dark).

As expected, the same pH variation trend was observed when
the CO

2
was not piped into the cathode, further confirming

occurrence of CO
2
crossover from the anode to the cathode

through the Nafion membrane in the constructed MCC.

3.4. Mechanisms and Implications. In general, three possible
reactions take place in a photocathode chamber, includ-
ing direct CO

2
reduction, electron transfer through self-

produced mediators, and reduction of oxygen generated
through photosynthesis. However,Wang et al. [14] previously
suggested that reduction of oxygen generated through pho-
tosynthesis was the major contributor to the high current
generation in an MCC. Oxygen generation relied on the
uptake of CO

2
by algae. However, previous study had only

considered the CO
2
transportation through the pipe. Here,

we showed that the cathodic photosynthesis still took place
when the anodic gas was no longer piped into the catholyte.
In this case, we deduced that CO

2
crossover from the anode

to the cathode through the Nafion membrane contributed to
the photosynthetic oxygen generation (Figure 6). In general,
the following main reactions occurred in our system.

Anode reaction is as follows:

CH
3
COO− + 2H

2
O → 2CO

2
+ 7H+ + 8e− (1)

Cathode reaction is as follows:

nCO
2
+ nH
2
O → (CH

2
O)n + nO2 (2)

O
2
+ 4e− + 4H+ → 2H

2
O (3)

O
2
+ 2H
2
O + 4e− → 4OH− (4)

Note that oxygen is generally considered to be reduced
at the Pt surface in the cathode through reaction (3) [25].
However, alkalization of the catholyte was observed in the
MCC, suggesting that oxygen was reduced to produce OH−
as a main product as shown in reaction (4) [26]. It should be
noted that the theoretical potential of the ORR in reaction
(4) is lower than that in reaction (3), representing a great
potential loss because of the alkalization of the catholyte. As
previously suggested, decreasing the pHvalue of the catholyte
during the MCC operation can be one solution to achieve
higher performance [27].

MFC has been considered as a sustainable technology
for energy production and wastewater treatment. However,
energy consumption was necessary to maintain MFC opera-
tions. Algal photosynthesis provides an option to eliminate or
maintainminimum energy consumption inMFC technology
by omitting aeration. Therefore, aeration was not required
and the greenhouse gas (CO

2
) emitted from the anode

chamber was self-sequestrated in the MCCs, making real
green systems for energy generation. However, it is notable
that energy production of the photosynthetic algal MFCs is
currently quite low compared with conventionalMFCs. Light
intensity was proved to be one of the critical parameters in
affecting their performance [16]. Other parameters such as
reactor configurations, algal species, and electrode materials
should be improved in the near future for targeting high-
performance algal photo MFC systems.

4. Conclusion

In this study, anMCCwas constructed and evaluated in terms
of its power output. The results showed that the MCC was
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Figure 6: Schematic representation of CO
2
transportation and

anode and cathode reactions involved.

sensitive to light no matter the anode off gas was piped into
the catholyte or not. Oxygen was produced and alkalization
occurred in the cathode compartment, suggesting the occur-
rence of the photosynthetic reaction and oxygen reduction
reactions under both conditions. We concluded that the
CO
2
crossover through Nafion membrane contributed to the

oxygen production when the anode off gas was not piped into
the cathode chamber.The results are expected to help further
advance the MCC technology.
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Microalgae have increasingly gained research interest as a source of lipids for biodiesel production. The wet way processing of
harvested microalgae was suggested and evaluated with respect to the possible environmental impacts and production costs. This
study is focused on the three key steps of the suggested process: flocculation, water recycling, and extraction of lipids. Microalgae
strains with high content of lipids were chosen for cultivation and subsequent treatment process. Ammonium hydroxide was tested
as the flocculation agent and its efficiency was comparedwith chitosan. Determined optimal flocculation conditions for ammonium
hydroxide enable the water recycling for the recurringmicroalgae growth, which was verified for the use of 30, 50, and 80% recycled
water. For extraction of the wet microalgae hexane, hexane/ethanol and comparative chloroform/methanol systems were applied.
The efficiency of hexane/ethanol extraction system was found as comparable with chloroform/methanol system and it seems to be
promising owing to its low volatility and toxicity and mainly the low cost.

1. Introduction

Microalgae have been considered as an alternative renewable
energy source for biodiesel which could substitute oil from
the seed crops. The production of biodiesel from algae has
several advantages: high biomass productivity, high content
of oil up to 80%, oils with the high lipid content, the need
of nonarable lands for their growth, capability of growth in
salt water and waste streams, and capability of solar light
and CO

2
gas utilizing as nutrients. Therefore, a number of

scientists have been reported application of microalgae for
biodiesel production [1–4]. Biodiesel produced frommicroal-
gae belongs to the third generation of biofuels which over-
comes disadvantages of the first (biodiesel produced from
palm oil, coconut, sunflower, etc.) and the second (biodiesel
produced from Miscanthus, Jatropha, salmon oil, tobacco
seed, etc.) generation of biofuels [5]. Mainly, the microalgal
production does not compete for land with food crops [6, 7].

Nevertheless, cost of the microalgal biodiesel production
is relatively higher compared to other feedstocks owing to
the high energy consuming drying process of harvested

microalgae [8]. The most common harvesting methods
include sedimentation, centrifugation, filtration, chemical
flocculation, and of course drying before the oil extraction
[9, 10]. Mechanical press, the use of chemical process, and
supercritical extraction rank are among the usually applied
extraction techniques. All mentioned processes are energy
consuming or could have a negative environmental impact.

From those reasons our work is focused on the new way
of the oil production from microalgae. The completely wet
treatment, which enables to release the energy consuming
drying step, has been studied. The individual key technology
nodes have been also evaluated with respect to the possible
environmental impacts.

2. Materials and Methods

2.1. Laboratory Cultivation. The applied strain of microalgae,
Chlorella vulgaris Beijerinck 256, was obtained from the
Culture Collection of Autotrophic Organisms (CCALA)
of Institute of Botany, ASCR, v.v.i., and contained about
37% of oils. The microalgae were cultivated in the growth
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Figure 1: Scheme of the algal treatment with the individual steps.

medium that includes 600mg/L urea, 1480mg/L KCl,
988mg/L MgSO

4
⋅7H
2
O, 340mg/L KH

2
PO
4
, 11mg/L

CaCl
2
⋅6H
2
O, 18mg/L EDTA Fe/Na, 3.09mg/L H

3
BO
4
,

1.18mg/L MnSO
4
⋅4H
2
O, 1.4mg/L CoSO

4
⋅7H
2
O, 1.43mg/L

ZnSO
4
⋅7H
2
O, 1.4mg/L CuSO

4
⋅5H
2
O, and 0.88mg/L

(NH
4
)
6
Mo
7
O
24
⋅4H
2
O according to the literature [11]

with the modification to use urea and KCl instead of
KNO
3
. The laboratory cultivation units consisted of the

glass cylinders (inner diameter 36mm, height 500mm),
which were placed in a thermostatic bath (29∘C) with the
continuous illumination by the panel dimmable fluorescent
lamps (Philips Master TL-D 36W/840, type warmwhite) [12]
allowing the adjustment of the incident light intensity from 16
to 780𝜇mol/(m2s).The cylinders were “aerated” by a mixture
of air and CO

2
(2% v/v). Volume of the algal suspension in

each cylinder was 300mL and each cylinder was supplied by
gas at a flow rate of 15 L/h. Microalgae were cultivated for 11
days to characterize their growth rates.Themicroalgal growth
in recycling water was tested under continuous illumination
with addition of 30, 50, or 80% of recycling water in two (for
80%) or three (for 30 and 50%) consequent experiments.

2.2. Laboratory Flocculation. Chitosan and ammonium
hydroxide have been used as flocculation agent. In all
experiments the initial concentration of algae varied between
2.70 and 3.25 g/L of dry weight. The algae suspension was
placed to graduated cylinders in the amount of 250mL. To
these samples 0.2 to 19mL of ammonium hydroxide solution
(26%) was added to obtain solutions with pH between 8.5
and 10.5. Chitosan diluted in the distilled water was dosed
in the amounts 5, 10, 15, and 20mg/L to obtained pH of
value 7. Suspension was intensively agitated for 10 s and in
the time intervals 1, 5, 10, 15, and 20 minutes was sampled in
the distance of 20mm below the water level in the graduated
cylinder. Samples were analyzed on the photospectrometer
SPEKOL 1300 and the optical density (OD) was measured
and converted by the calibration curve to the concentration.

2.3. Extraction Experiments. Dry matter in algal suspension
was determined before each extraction to assure the exact
content of the dry algal biomass in solution (105∘C, 7 h to the
constant weight). In each experiment, microalgal suspension
(containing 10 g dry biomass) was treated by the single-
stage extraction with the hexane/ethanol mixture (2/3 v/v)
at 1/15 (dw/v) ratio in continuously stirred Erlenmeyer flask
for 4 h under inert atmosphere in the absence of light at
the ambient temperature. Individual phases (liquid organic
extract, water phase, and solid biomass) were separated from
the obtained solutions by filtration process on the nutsch.The

upper organic phase (extract) was sucked off.The solvent was
then removed from the organic phase by rotary evaporation
at 40∘C after which the total lipid content (extractable part)
was determined gravimetrically. An aliquot of the dry extract
was taken for the following analysis.

Analysis of fatty acid (FA) profile in the extracts of the
tested microalgae was performed at the Department of Food
Analysis and Nutrition of the Institute of Chemical Tech-
nology Prague. Accredited (ISO 17025) gas chromatographic
(GC) method was used. Briefly, following the release of
FAs from ester bonds by saponification, their methylation
was performed. Target analytes were separated on capillary
column and detected by the flame ionization detector (FID).
Quantitative determination was carried out by the inner
standard technique performed by direct comparison of the
addition of the inner standard nonadecane acid (C19:0).

3. Results and Discussion

The whole process of the oil extraction is schematically il-
lustrated in Figure 1, where the schema with individual steps
is depicted. Flocculation, water recycling, and extraction
belong to themost energy consuming steps and/or could have
a negative impact on the environment [10].

3.1. Flocculation. The basic task in the first step of algae
suspension treatment past its cultivation is elimination of the
major part of water from the algal suspension. Microalgae
before harvesting include the really high amount of water.
Usually the concentration of algae achieved maximally about
30 g/L of dry weight in dependence of the used growing
technology [13].Therefore, flocculation of algae by coagulants
with subsequent separation has been applied to obtain sus-
pension with high concentration of algae.

As a flocculation agent chitosan has been usually used.
Nevertheless, to decrease the cost of this operation and
enablewater recycling the other flocculation agents have been
searched and tested [14]. The ammonium hydroxide seems
to be the promising coagulant. Application of ammonium
hydroxide as the flocculation agent causes the increase of the
solution pH value which allows the magnesium hydroxide
and/or calcium hydroxide generation.

Hydroxides cover the surface of algae and in combination
with neutralization and its adhesion on the cell surface cause
formation of heavier flocks which can easily sediment. The
ammonium hydroxide seems to be the promising coagulant.
Application of ammonium hydroxide as the flocculation
agent causes the increase of the solution pH value which
allows the magnesium hydroxide and/or calcium hydroxide
generation.
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Figure 2: Flocculation by chitosan.

Rate of flocculation for chitosan and ammonium hydrox-
ide as the flocculation agent is shown in Figures 2 and 3. It can
be easily seen that flocculation rate for chitosan depends only
slightly on chitosan concentration; see Figure 2. During first 5
minutes the flocculation efficiency of chitosan achieved min-
imally 95% for the whole range of the tested concentrations
(5–20mg/L). On the contrary, flocculation by ammonium
hydroxide significantly depends on pH value of solution
and thus on the ammonium hydroxide concentration; see
Figure 3. The efficiency about 86% was achieved for pH 9
during 20 minutes. Moreover, the increasing pH value decel-
erates the flocculation rate and at pH 10.5 the flocculation
is completely stopped. For better illustration photos after
20 minutes of flocculation for various agents are shown:
Figure 4(a), without flocculation agent; Figure 4(b), ammo-
nium hydroxide at pH 9; and Figure 4(c), chitosan with con-
centration 5 g/L. Water from both flocculation experiments
was decanted and thickened algal solutions were filtrated on
the nutsch.

The average efficiency of ammonium hydroxide as the
flocculation agent is about 80%; however, it provides the price
3–6USDper ton of dried biomass while efficiency of chitosan
as flocculation agent is higher (95%), but the price per ton of
dried biomass is 30−60 USD. Nevertheless, the highest price
was estimated for the direct centrifugation of harvesting algae
without flocculation step at 60–300 USD per ton of dried
biomass.

3.2. Water Recycling. It must be emphasized that ammonium
hydroxide not only is the low cost and effective flocculation
agent but also brings into the algal water solution only the
biogenic elements. This fact is significant for the next step of
algal treatment process, the water recycling.

The influence of recycling water was tested on the cultiva-
tion growth curve of Chlorella vulgaris 256 with 50 and 80%
of recycled water. In Figure 5 the original cultivation growth
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Figure 3: Ammonium hydroxide flocculation.

(a) (b) (c)

Figure 4: (a) Without any flocculation agent, 0min; (b) with
NH
4
OH, pH 9, after 20min; (c) with chitosan 5 g/L, after 20min.

curves (line) are compared with the repeated growth curves
in water with addition of 50 and 80% of recycled water. It can
be seen that utilization of the recycled water has no influence
on the growth curves of algae. It is the important fact to the
process economy and also to the environmental impact, since
during the microalgae treatment the huge amount of water is
produced.

3.3. Extraction. One of the crucial key process nodes of the
energy production from harvesting algae is the extraction
step. Usually, extraction of dry algal biomass of algae has
been performed [15–17]; however this work is focused on wet
way extraction. It can bring the significantly lower energy
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Figure 5: Cultivation growth curve with recycling water: 50 and 80%.
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Figure 6: The effect of solvent mixture composition on lipid
(extractable part) and sum of FAs content related to dry matter.

cost and no degradation of valuable fatty acids during the
extraction process. Data about the wet extraction process
appear only rarely in the literature. Halim et al. [18] obtained
the comparable lipid yields by hexane extraction from either
dried microalgal powder or wet microalgal paste.

Hexane is often recommended for extraction of the lipid
fraction from microalgae. Its advantage is the chemical sta-
bility, almost nonsolubility in water, and relatively low boiling
point, which is favourable for separation/regeneration.

Generally, hydrocarbons require the use of the other
solvents as deemulsifiers to prevent formation of foams and
stable emulsions, that is, reduction of interfacial tension.
Therefore, ethanol was added to the extraction system due to
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Figure 7: The effect of solvent mixture composition on the profile
of fatty acids.

its relatively low boiling points and favourable regeneration
fromwater phase. For determination of the total lipid content
the solvent system of chloroform/methanol mixture has
been applied by Bligh and Dyer [19]. This method was
primarily developed for determination of lipids in the cod
muscle. Therefore, it possesses some limitation for samples
of plant/algae origin which contains pigments and the other
soluble substances.This solvent system significantly increases
the proportion of extractables and its toxicity is not envi-
ronmental friendly as well. Nevertheless, Bligh and Dyer [19]
method has been usually applied as a comparative procedure.

First, the effect of solvent polarity on the extractable part
and the total fatty acids in fresh microalgae was tested in this
study (Figure 6). Maximal extractable part was obtained by
chloroform/methanol system (24.3%) which contains except
lipids the other soluble components, for example, pigments.
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It can be clearly seen that hexane/ethanol system provides
the same amount of the extraction fraction of the total lipids
(FAs) as system chloroform/methanol. Figure 7 shows that
also profiles of FAs are comparable for both systems. Thus,
hexane/ethanol mixture, which is the environmental friendly
solvent system, was proved to be a suitable alternative for
extraction of lipids/FAs.This system possesses relatively high
extraction capacity, low volatility and toxicity for humans as
well as environment, and moreover the low cost. The highest
proportional content of fatty acids in the lipid fraction was
included by hexane/ethanol mixture (63.2%).

Pure hexane showed the lowest extraction capacity for
total extractables and extracted 40.6% FAs in the lipid
fraction.

These experiments confirmed the conclusion of Halim et
al. [18] that efficiency of the microalgal extraction by the wet
way is comparable with the dry way and with addition of
ethanol it provides the same lipid yields. Moreover, profiles
of FA are not affected by presence of water in extracted
biomass. It influences only the amount of extraction solvent
related to dry microalgae. Hexane/ethanol extraction system
enables the subsequent utilization of the residual biomass, for
example, as the poultry feed supplement.

4. Conclusions

The three key steps, flocculation, water recycling, and extrac-
tion of microalgal treatment for lipid production, have been
suggested and evaluated with respect to the possible environ-
mental impacts and production costs. To avoid the energy
consuming drying step the completely wet way treatment
has been applied. It was verified that ammonium hydroxide
can serve as the efficient and the low cost flocculation agent.
The optimal flocculation conditions were determined at pH
9. Moreover the application of ammonium hydroxide brings
into the algal water solution only the biogenic elements and
thus enables the water recycling for the recurring microalgae
growth.Water recyclingwas verified for the use of 50 and 80%
recycled water.

It was confirmed that extraction of thewetmicroalgae can
be applied instead of the dry microalgal extraction, which
enables to release the energy consuming drying step. The
efficiency of hexane/ethanol extraction system was found as
comparable with chloroform/methanol system: the compara-
tivemethod.Moreover, not only the amount of the extraction
fraction of the total lipids but also the profiles of fatty
acids were the same. Except of the relatively high extraction
capacity, hexane/ethanol extraction system possesses the low
volatility and toxicity for humans as well as environment and
mainly the low cost.

The wet way processing of the harvested microalgae for
biodiesel production seems to be the low cost promising
biotechnological application with the minimal environmen-
tal impact.
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Life cycle assessment (LCA) has been widely used to analyze various pathways of biofuel preparation from “cradle to grave.” Effects
of nitrogen supply for algae cultivation and technology of algal oil extraction on life cycle fossil energy ratio of biodiesel are assessed
in this study. Life cycle fossil energy ratio of Chlorella vulgaris based biodiesel is improved by growing algae under nitrogen-limited
conditions, while the life cycle fossil energy ratio of biodiesel production from Phaeodactylum tricornutum grown with nitrogen
deprivation decreases. Compared to extraction of oil from dried algae, extraction of lipid fromwet algae with subcritical cosolvents
achieves a 43.83% improvement in fossil energy ratio of algal biodiesel when oilcake drying is not considered. The outcome for
sensitivity analysis indicates that the algal oil conversion rate and energy content of algae are found to have the greatest effects on
the LCA results of algal biodiesel production, followed by utilization ratio of algal residue, energy demand for algae drying, capacity
of water mixing, and productivity of algae.

1. Introduction

With the rapid growth of economy and energy consumption,
petroleum resources are gradually depleted and environmen-
tal pollution is increasingly serious. It has become emergent
to search for alternative energy especially in the field of
traffic and to mitigate the environmental problems caused
by fossil energy production and using. Biomass energy has
the characteristics of renewable raw material and biological
carbon sequestration. Development of bioenergy is consid-
ered as an effective way to solve energy shortage and improve
environment.

Changes of land use and increased emission of green-
house gases can be caused by production of transportation
biofuels from terrestrial energy plants [1]. Using algae as a
feedstock for biofuels has led to much excitement and ini-
tiative. Although algae based fuels are widely considered as
clean energy, fossil energy input during production of biofu-
els from algae may still aggravate depletion of nonrenewable

resources and pollution of environment [2]. It is very nec-
essary to estimate the ratio of energy output to fossil energy
consumption (fossil energy ratio) of algal biodiesel based on
the concept of life cycle analysis.

Currently, several studies of life cycle analysis on algal
biofuels have been carried out. Frank et al. [3], Yang et al. [4],
and Clarens et al. [5, 6] have shown that fertilizer input con-
tributes a lot to the overall life cycle fossil energy consump-
tion and global warming of algal biofuel. Sander and Murthy
[7] have shown that extraction of oil from dried algae results
in high life cycle fossil energy input. With the increasing
researches on mass culture of algae and algal oil extraction,
several studies have assessed the life cycle fossil energy ratio of
algal biofuels produced by new technologies. Life cycle assess-
ment results of Lardon et al. [8] on algal biodiesel produced
from Chlorella vulgaris with different nitrogen (N) supplies
have shown that life cycle fossil energy ratio can be improved
when algae grow under low N condition. Some researches
show that the productivities, constituents, and calorific values
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Figure 1: Life cycle system of biodiesel production from algae.

of different algae species may present different changing
tendency when the N supply reduces [9–11]. Therefore, in
order to identify whether life cycle fossil energy ratio of algal
biodiesel can be promoted by low N condition, energy analy-
sis of biodiesel based on different algae species should be car-
ried out. Batan et al. [12] and Brentner et al. [13] compared the
life cycle fossil energy use of algal biodiesel by extraction of oil
from dried and wet algae. However, the energy consumption
for extraction of oil from wet algae is hypothetical data, and
reliability of the assessment results remains unknown.

It is thus clear that the existing LCA studies on algal
biofuels contain several problems and this results in the
fact that life cycle fossil energy ratio of algal biofuel cannot
be scientifically identified based on the present research
status. To fill up the deficiency above, with algal biodiesel as
the objective of our study, we investigate the cell composi-
tions and productivities of Phaeodactylum tricornutum and
Chlorella vulgaris grown with sufficient and limited nitrogen
supply. Studies on lipid extraction fromwet algaemaymainly
concern extraction yields of algal oil but often neglect energy
required for lipid extraction [14]. In this study, energy
demands for extraction of oil from wet algae of pilot pro-
duction are monitored. Effects of nitrogen supply conditions
and algal oil extraction technologies on life cycle fossil energy

ratio of algal biodiesel are assessed. To verify the reliability
of our study, our results are compared with energy balance
of other similar LCA studies on algal biofuel. A sensitivity
analysis is performed to identify key parameters affecting life
cycle fossil energy ratio of algal biodiesel.

2. Methodologies

2.1. Functional Unit. The functional unit for the LCA in this
study is 1MJ biodiesel produced.

2.2. Life Cycle System Boundary of Algal Biodiesel. Figure 1
shows the simulated life cycle system of algal biodiesel
production in this study. Algae are grown in open ponds
with sufficient or limited nitrogen supply. 50% of the normal
nitrogen supply is used in the N-limited medium. Algae
harvesting includes steps of concentration, dewatering, and
drying [15]. The content of algal biomass in the fluid from
cultivation ponds is lower than 5wt%. Concentration reduces
the water content of the algal biomass from 99wt% to
95wt%. Dewatering is needed to further decrease the water
content to 60wt%–80wt%. Algae have to be dried up to
a 90wt% solid content if the same technology as soybean
lipid extraction is applied to extraction of oil from algae.
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Chen et al. [16] designed the extraction of oil from wet
algae biomass with about 30wt% solids. Biodiesel is obtained
through transesterification reaction of algal lipid and metha-
nol.

2.3. Evaluation Model for Life Cycle Energy
Efficiency of Algal Biodiesel

2.3.1. Life Cycle Primary Energy Consumption Calculation.
When 1MJ biodiesel is produced, the life cycle primary fossil
energy demand (ECLC) is calculated as the sum of all the
primary fossil energy consumptions due to production of
all the process energy and materials directly used in all the
substages according to the GREET model [17]:

ECLC = ∑
𝑖

∑

𝑗

EE
𝑖,𝑗
× PE
𝑗
+∑

𝑖

∑

𝑛

𝑀
𝑖,𝑛
× PE
𝑛
, (1)

where EE
𝑖,𝑗
is the process energy 𝑗 consumption during sub-

stage 𝑖 (MJ); PE
𝑗
is the life cycle primary fossil energy use

for process energy 𝑗 production (MJ/MJ);𝑀
𝑖,𝑛
is the material

𝑛 consumption during substage 𝑖 (kg); PE
𝑛
is the life cycle

primary fossil energy use for material 𝑛 production (kg/MJ).
During algae cultivation, the power demand for mixing

(EEmixing) is computed using

EEmixing =
𝑀algae ×𝑊mixing × 𝑡𝑤 × 𝑡𝑟

𝐶

=

𝑀algae ×𝑊mixing × 𝑡𝑤

𝑌
𝑉

,

(2)

where 𝑀algae is the algae consumption to produce 1MJ
biodiesel (kg); 𝑊mixing is the mixing capacity (W/m3); 𝑡

𝑤
is

the working hours of mixing equipment per day (h/d); 𝑡
𝑟

is the retention time of algae (d); 𝐶 is the algal biomass
concentration (kg/m3); 𝑌

𝑉
is the volumetric productivity

(kg/m3⋅d).
The 𝑀algae and 𝑌

𝑉
are calculated using the following

equations, respectively:

𝑀algae

=

1

HVbiodiesel × 𝜂ester × 𝜂extra × 𝜂harve × 𝑃algae,oil × 𝑃nuetr oil
,

(3)

𝑌
𝑉
= 𝑌
𝐴
×

𝐴

𝑉

, (4)

where HVbiodiesel is the net caloric value of biodiesel (MJ/kg);
𝜂harve, 𝜂extra, and 𝜂ester are the efficiencies of algae harvest-
ing, algal oil extraction, and esterification, respectively (%);
𝑃algae,oil is the total oil content of algae (%); 𝑃nuetr oil is the
percentage of neutral oil in total oil (%); 𝑌

𝐴
is the areal

productivity (kg/m2⋅d); 𝐴/𝑉 is the ratio of illuminated area
to volume (m−1).

Power consumption for pumping (EEpumping) is calcu-
lated using

EEpumping =
𝑀algae × 𝜌water × 𝑔 × 𝐻

𝐶 × 𝜂pump

× (1 + 𝜆water,evap + 𝜆lose) ,

(5)

where 𝜌water is the density of water (kg/m
3); 𝑔 is the force of

gravity (N/kg);𝐻 is the liquid head (m); 𝜂pump is the pumping
efficiency (%); 𝜆water,evap and 𝜆water,lose are water evaporation
rate and water delivering loss rate, respectively (%).

When 1MJ biodiesel is produced, consumptions of CO
2

(𝑀CO
2

) and fertilizer (𝑀fertili) are calculated by using the
following equations, respectively:

𝑀CO
2

=

𝑀algae × 𝑃algae,C × 44/12

𝜂fixing
, (6)

𝑀ferti = 𝑀algae × 𝑃algae,N(𝑃) × (𝜆N(𝑃),evap + 𝜂harve) , (7)

where 𝑃algae,C is the carbon content of algae (%); 𝜂fixing is the
CO
2
fixing efficiency of algae (%); 𝑃algae,N(𝑃) is the nitrogen or

phosphorus content of algae (%); 𝜆N(𝑃),evap is the nitrogen or
phosphorus evaporation rate (%).

2.3.2. Life Cycle Energy Output Calculation. The life cycle
energy outputs are calculated based on the energy released
from combustion of biodiesel, oilcake, and glycerin [8, 18]:

EPbiodiesel = 1, (8)

EPoilcake = 𝑀algae ×HValgae −
1

𝜂esterification
, (9)

EPglycerin = 𝑀glycerin ×HVglycerin, (10)

where EPbiodiesel, EPoilcake, and EPglycerin are the energy
released from biodiesel, oilcake, and glycerin combustion,
respectively (MJ); HValgae is the net caloric value of algae
(MJ/kg);𝑀glycerin is the glycerin output when 1MJ biodiesel
is produced (kg); HVglycerin is the net caloric value of glycerin
(MJ/kg).

HValgae is calculated as

HValgae = ∑
𝑖

𝑃algae,𝑛 ×HV
𝑛
, (11)

where 𝑃algae,𝑛 is the percentage of ingredient 𝑛 in algae (%);
HV
𝑛
is the net caloric value of ingredient 𝑛 (MJ/kg).

2.3.3. Life Cycle Fossil Energy Ratio Calculation. The life cycle
fossil energy ratio of biodiesel production (𝜂fossil) is the ratio
of the life cycle energy output to the life cycle primary fossil
energy consumption:

𝜂fossil =
∑
𝑚
EP
𝑚

∑
𝑖
EC
𝑖

× 100%, (12)

where EP
𝑚
is the energy output 𝑚 (MJ); EC

𝑖
is the primary

energy consumption in substage 𝑖 (MJ).
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Table 1: Productivity and cell composition of algae grown under N-sufficient and N-limited conditions.

Strains
Normal N supply Limited N supply (50% of normal N supply)

Protein/% Carbonhydrate/% Lipid/% Productivity/
g/m2
⋅d

Protein/% Carbonhydrate/% Lipid/% Productivity/
g/m2
⋅d

Phaeodactylum
tricornutumb 32.2 18.5 28.46 25 24.76 16.7 31.8 15.45

Chlorella vulgarisc 31 51 18 22 6 54 40 19.85
bSource: [9, 21]. cSource: [11, 22].

Table 2: CO2 fixing efficiencies of different algae species.

Phaeodactylum
tricornutum Chlorella vulgaris

CO2 fixing efficiency/% 64.9f 60g
fSource: [23]. gSource: [24].

3. Data Collection

Under conditions with sufficient and limited nitrogen supply,
the algal productivities and cell compositions of Phaeodacty-
lum tricornutum and Chlorella vulgaris grown in open ponds
are shown in Table 1. The chemical formulas and net caloric
values of carbonhydrate, protein, and lipid are according
to Lardon et al. [8]. Phosphorus content of algae is 1 wt%
[19]. Algae concentration is 0.5 g/L and pond height is 0.2m.
According to Fagerstone et al. [20], when algae are cultivated
in open ponds, the cumulative N

2
O emissions over the light

and dark periods are 1.53×10−5 kg and 6.51×10−6 kg per kgN
input, respectively. When the concentration of CO

2
injected

to algae cultivation ponds is 5%, CO
2
fixing efficiencies of

different algae species have been shown in Table 2.
According to the base data in Tables 1 and 2 and formulas

of (6) and (9), the calculated nitrogen fertilizer inputs and
heat values of algae under conditions of normal and limitedN
supply are shown inTable 3. As Tables 1 and 3 show, under low
N condition, lipid content of Chlorella vulgaris increases and
algae productivity drops; nitrogen fertilizer and heat value of
Phaeodactylum tricornutum both decrease.

Operation capacity of paddle wheel and aeration in open
ponds is 3.72W/m3 [25]. It is assumed that working time of
mixing equipment is 12 h per day. Average delivery head of
centrifugal pump is 7.5m with efficiency of 70% [15]. Water
evaporation rate during algae cultivation is 10% [6] and water
delivering loss is 5% [3].

Energy consumed in algae harvesting is from literature
[26]. Dissolved air flotation is used for algae concentration
with an electricity requirement of 100 kWh/t dry mass. The
electricity demand of centrifuge for algae dewatering is
37 kWh/t dry mass. The energy demand for thermal drying
of algae to 10% water content is 615.6 kWh/t dry mass. 10 wt%
and 5wt% of the algal cells are lost in concentration and
dewatering, respectively [27].

Energy demands for extraction of oil from dried and wet
algae are listed in Table 4. It is assumed that the percentage

of neutral lipid in total lipid of algae is 80%. Energy require-
ments for oil refining are according to literature [28]. Energy
consumptions in oil conversion stage are from literature [29];
the conversion efficiency is 96.5% and the net calorific value
of biodiesel is 37.2MJ/kg.

It is assumed that electricity and steam consumed in
the assessed system are generated from coal in China. The
fertilizers and chemicals are produced using technologies on
world average level and the energy demands for fertilizers
and chemicals production are from Gabi database [31]. CO

2

applied to algae growth is assumed to be from flue gas
discharged from power plant. Flue gas from power or steel
plant generally contains substances like sulfur oxide, nitric
oxide, and heavy metals which are deleterious to algae
growth. CO

2
needs to be separated from the flue gas before it

is injected into algae cultivation ponds.Membrane separation
of CO

2
is used with steam demands of 73 kWh per ton of

recovered CO
2
and a capture efficiency of 85% [32]. CO

2

capture not only provides nutrients for algae growth but also
has been required in most coal-fired power stations. Energy
demands for carbon capture are allocated between the power
plant and the algae farm on an energy basis.

4. Results

4.1. Energy Efficiency Comparison Analysis of Biodiesel Pro-
duction from Algae Grown with Normal and Limited Nitrogen
Supply. With open ponds cultivation of algae, chemical
absorption of CO

2
, and extraction of oil from dried algae, the

calculated life cycle energy production and fossil energy con-
sumed for Phaeodactylum tricornutum and Chlorella vulgaris
based biodiesel with different nitrogen supplies are shown in
Figures 2 and 4, and life cycle fossil energy ratios are shown
in Figures 3 and 5.

It can be seen from Figure 2 that, under limited nitrogen
supply condition, fossil energy consumption for harvesting
and oil extraction of Phaeodactylum tricornutum and energy
production of algae biomass all decrease. This is mainly due
to the fact that oil content of Phaeodactylum tricornutum
increases under low N condition and less algae input for 1
functional unit of biodiesel production is required. However,
for the productivity and heat value of Phaeodactylum tri-
cornutum both decrease under low N condition, the decline
rate of energy production of algal biomass (11.06%) is higher
than that of the energy required in algae harvesting and
oil extraction (10.64%), and energy consumption for mixing
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Table 3: Net calorific values of algae and N fertilizer inputs.

Species of algae Heat values and nitrogen contents Normal N Low N

Phaeodactylum tricornutum Heat value (MJ/kg) 18.3 18.19
N content (kg/kg) 0.052 0.040

Chlorella vulgaris Heat value (MJ/kg) 18.33 23.27
N content (kg/kg) 0.050 0.010

Table 4: Energy consumptions and efficiency for algal oil extraction.

Extraction from dried
algaei

Extraction from wet
algaej

Power (kWh/t algae) 25 26.46
Steam (MJ/t algae) 1170.8 1239.01
Efficiency (%) 97.5 90
iThe energy demands for extraction of oil from dried algae are from SEPA
(State Environmental Protection Administration of China) of China [30].
jThe energy demands for extraction of oil wet algae are based on a pilot-scale
operation of algal oil extraction plant in China.
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1

Glycerin
Oilcake
Biodiesel
Carbon dioxide
Fertilizer

Mixing and pumping
Harvest
Oil extraction
Esterification
Chemicals

1

2.5

1.1519 0.914

2.0

1.5

1.0

0.5

0.0

−0.5

−1.0

−1.5

−2.0

−2.5

−3.0

En
er

gy
 p

ro
du

ct
io

n
(M

J)
En

er
gy

 co
ns

um
ed

(M
J)

−0.68432

−0.22583 −0.20187

−1.19481 −1.06764

−0.92928

Figure 2: Phaeodactylum tricornutum. Energy losses and gains for
the production of biodiesel from Phaeodactylum tricornutum grown
in N-sufficient and N-limited mediums.

of cultivation water increases by 35.8%. As a result, life
cycle fossil energy ratio for Phaeodactylum tricornutum based
biodiesel with limited nitrogen supply decreases by 10.56%
compared with normal nitrogen supply (Figure 3).

As can be seen from Figure 4, under limited nitrogen
supply condition, energy consumption for harvesting and oil
extraction of Chlorella vulgaris decreases by 54.85% because
of higher lipid content compared to normal nitrogen supply.
Due to the heat value of Chlorella vulgaris increase under
low N condition, the total energy production of biodiesel
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Figure 3: Life cycle fossil energy ratio for the production of biodiesel
from Phaeodactylum tricornutum grown in normal and limited
nitrogen supply conditions.

and oilcake only decreased by 14.09%. As a result, life cycle
fossil energy ratio forChlorella vulgaris based biodiesel under
limited nitrogen supply increases by 30.78% compared with
normal nitrogen supply (Figure 5).

4.2. Energy Efficiency Comparison Analysis of Biodiesel Pro-
duction from Oil Extracted from Dried and Wet Algae. The
calculated life cycle energy outputs and fossil energy con-
sumed for algal biodiesel produced from Chlorella vulgaris
under low N condition in open ponds, with CO

2
from

membrane separation, and oil extracted from dried and wet
algae are shown in Figure 6, and life cycle fossil energy ratios
are shown in Figure 7.

As can be seen from Figure 6, compared to extraction of
oil from dried algae, the energy consumed for extraction of
oil from wet algae with subcritical cosolvents increases by
14.79% compared to extraction of oil from dried algae, and
energy required for mixing increases by 8.1%. This is mainly
due to the fact that efficiency for oil extraction fromwet algae
is lower than from dried algae and more algae input for 1
functional unit of biodiesel production is required. However,
algae drying process omittedmakes lipid extraction fromwet
algae perform a 43.83% improvement in the life cycle fossil
energy ratio of algal biodiesel compared to extraction of oil
from dried algae (Figure 7).
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4.3. Comparison of the Results with Other LCA Studies of Algal
Biodiesel. This section has the goal of comparing the results
of this study with other similar LCA studies on algal biodiesel
and then analyzing themain differences among values for the
life cycle fossil energy ratios in different studies. Values of
energy demands, energy outputs, and life cycle fossil energy
ratios of algae based biodiesel production from two literatures
have been collected and are compared in Table 5.

As can be seen from Table 5, when algal biodiesel made
from similar pathways is taken as the research object, life cycle
fossil energy ratio of biodiesel produced from dried algae is
66.18% higher in this study than in Lardon et al.’s study, and
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Figure 7: Life cycle fossil energy ratio for the production of biodiesel
from algal oil extracted from dried and wet algae.

life cycle fossil energy ratio of biodiesel produced from wet
algae is 35.82%, 355%, and 28.57% higher in this study than
in studies of Lardon et al., Razon andTan [31], andBatan et al.,
respectively.

High energy consumption caused by backward algae
drying technology is the main reason for the lower life cycle
fossil energy ratio of biodiesel produced from dried algae in
Lardon et al.’s study. Compared to energy consumption data
of algae drying in the study of Zhao andHu in 2009 on energy
consumption of sludge treatment in wastewater treatment
plant, energy consumption data of algae drying in study of
Lardon et al. is from experimental study of Hassebrauck et al.
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Table 5:The primary energy demands, energy outputs, and life cycle fossil energy ratios for algal biodiesel production in different researches.

Oil extraction technology This study Lardon et al., 2009 [8] Yang et al., 2014 [14] Batan et al., 2010 [12]
Dry Wet Dry Wet Wet Wet

Basic condition
Oil content/% 40 40 24 50
Productivity/g/m2

⋅d 19.85 19.25 16 24.9
Primary fossil energy consumption/MJ

Cultivation 0.65 0.71 0.41 0.59 2.246 0.73
Concentration 0.11 0.11 — — 0.103 —
Dewatering 0.04 0.04 — — — 0.17
Drying 0.7 — 1.39 — — —
Oil extraction 0.17 0.19 0.14 0.52 1.895 0.21
Esterification 0.06 0.06 0.03 0.03 — 0.17
Fertilizer production 0.05 0.05 0.08 0.11 1.041 —
Chemicals production 0.08 0.08 0.27 0.43 0.443 —
Biogas generation — — — — 0.089 —
Sewage treatment — — — — 0.884 —

Energy production/MJ
Biodiesel 1 1 1 1 1 1
Oilcake 0.9474 1.1096 0.57 1.23 — 0.79
Glycerin 0.1474 0.1474 — — 0.565 —
Credit for “fresh” water — — — — 0.162 —
Biogas — — — — 1.378 —
Credit for ammonium compounds — — — — 0.027 —

Life cycle fossil energy ratio 1.13 1.82 0.68 1.34 0.4 1.4

in 1996 on sludge drying by belt dryer and its energy con-
sumption for algae drying is about 2 times higher than
results in study of Zhao and Hu [26]. So timeliness of basic
data has important effects on the validity of LCA results of
algal biodiesel. Compared to energy consumption data of
extraction of oil from wet algae in this study based on pilot-
scale study of Chen et al., Lardon et al. [8] and Batan et al. [12]
calculated the energy consumption for extraction of oil from
wet algae based on hypothesis and both of their results are
higher than the energy consumed for extraction of oil from
wet algae with subcritical cosolvents in study of Sturm and
Lamer [15].

In study of Yang et al. [14], complicated algae cultivation
process and low yield of algae lead to the high energy input
during stages of algae cultivation and oil extraction. It makes
algal biodiesel not able to delivermore energy than is required
to produce it.

4.4. Sensitivity Analysis. Asensitivity analysis is performed to
determine key parameters affecting the life cycle fossil energy
ratio of algal biodiesel (see Figure 8). All parameters analyzed
vary over equal confidence intervals. The effects of different
parameters will be ranked by the change in the life cycle fossil
energy ratio of algal biodiesel. Algal biodiesel produced from
Chlorella vulgaris under lowN condition in open ponds, with
CO
2
frommembrane separation, and oil extracted fromdried
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Energy for CO2 capture
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Change rate of life cycle fossil 
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Figure 8: Sensitivity analysis of effects of several parameters on life
cycle fossil energy ratio of algae biodiesel.

algae have been taken as the baseline scenario. The change
rate of all uncertain parameters is 40%.
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As can be seen fromFigure 8, the changes of esterification
efficiency and heat value of algae are found to have the
greatest effects on the life cycle fossil energy ratio of algal
biodiesel. As esterification efficiency and heat value of algae
decrease by 40%, the life cycle fossil energy ratio of algal
biodiesel changes by 40% and 36.17%, respectively. The
second important parameters are utilization ratio of algal
residue, algae cultivationwater recycling rate, energy demand
for algae drying, capacity of mixing, and productivity of
algae and when those parameters separately decrease by 40%,
the life cycle fossil energy ratio of algal biodiesel changes
between 10 and 15%. When algal oil content, oil extraction
energy consumption, pump head, cultivation water recycling
rate, oil extraction efficiency, cultivation water loss, algae
harvesting efficiency, glycerin recycling rate, CO

2
capture

energy consumption, and CO
2
capture efficiency separately

decrease by 40%, the life cycle fossil energy ratio of algal
biodiesel changes under 5%.

5. Conclusions

(1) Nitrogen deficiency can not only promote the oil content
of many species of algae but also decrease the productivity
of algae. The change of algae cell composition has certain
effects on its energy output. Life cycle fossil energy ratio
of biodiesel produced from Chlorella vulgaris grown under
nitrogen-limited conditions increases by 30.78%. Life cycle
fossil energy ratio of biodiesel produced from Phaeodactylum
tricornutum grown with nitrogen deprivation decreases by
10.56%.

(2) Compared to extraction of oil from dried algae, extrac-
tion of oil directly from wet algae with subcritical cosolvents
can effectively promote the life cycle fossil energy ratio of algal
biodiesel.

(3) Comparison of the results with other LCA studies of
algal biodiesel shows that, when algal biodiesel made from
similar pathways is taken as the research object, life cycle
fossil energy ratio of biodiesel produced from dried algae
is 66.18% higher in this study than in Lardon et al.’s. Worse
timeliness of data source for energy consumption of algae
drying is the main reason. Life cycle fossil energy ratio of
biodiesel produced from wet algae is 35.82% and 28.57%
higher in this study than in the studies of Lardon et al. and
Batan et al., respectively. Compared to Lardon et al. [8] and
Batan et al. [12]’s calculation of the energy consumption for
extraction of oil from wet algae based on hypothesis, energy
consumption data of extraction of oil from wet algae in this
study is based on pilot-scale study of Chen et al. So the results
are more reliable.

(4)The changes of esterification efficiency and heat value
of algae have the greatest effects on the life cycle fossil energy
ratio of algal biodiesel, followed by utilization ratio of algal
residue, algae cultivationwater recycling rate, energy demand
for algae drying, capacity of mixing, and productivity of
algae. When esterification efficiency and heat value of algae
decrease by 40%, the life cycle fossil energy ratio of algal
biodiesel changes by 40% and 36.17%, respectively.
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Current waste management policies favor biogases (digester gases (DGs) and landfill gases (LFGs)) valorization as it becomes a way
for energy politics. However, volatile organic silicon compounds (VOSiCs) contained into DGs/LFGs severely damage combustion
engines and endanger the conversion into electricity by power plants, resulting in a high purification level requirement. Assessing
treatment efficiency is still difficult. No consensus has been reached to provide a standardized sampling and quantification of
VOSiCs into gases because of their diversity, their physicochemical properties, and the omnipresence of silicon in analytical chains.
Usually, samplings are done by adsorption or absorption and quantificationmade by gas chromatography-mass spectrometry (GC-
MS) or inductively coupled plasma-optical emission spectrometry (ICP-OES). In this objective, this paper presents and discusses
the optimization of a patented method consisting in VOSiCs sampling by absorption of 100% ethanol and quantification of total Si
by ICP-OES.

1. Introduction

Biogases (digester gas (DG) and landfill gas (LFG)), issued
from anaerobic digestion of wastewater, sewage sludges, or
wastes, could be an answer to the lack of energy, and at
the same time, could decrease fossil energy consumption
and avoid greenhouse gas emissions. Benefits of this renew-
able energy lead scientists to optimize biogas valorization.
However, our daily life and industrial wastes contain silicone
polymers or low molecular weight silicones [1] that end in
wastewater treatment plants (WWTPs) [2], in landfills or
in waste methanization facilities. Also, during the anaerobic
waste degradation, silicones and other silicon-containing
materials (detergents, soaps, etc.) generate volatile organic
silicon compounds (VOSiCs, including siloxanes). Silicon
present in biogas originates mainly from those compounds,
which are known to be volatile compared to Si mineral.
Among them different types of structures could be dis-
criminated, and the most studied are the methyl siloxanes.

However, silanols (compounds containing the Si–OHgroup),
such as trimethylsilanol (TMSol), silanes (Si

𝑛
H
2𝑛+2

), such as
tetramethylsilane (TMS), or other organic molecules can also
be found in biogases [3].Their structural formulas are shown
in Figure 1.

The main cyclic VOSiCs present in biogases are the
octamethylcyclotetrasiloxane (D4), the decamethylcyclopen-
tasiloxane (D5), the hexamethylcyclotrisiloxane (D3), and to
a lesser extent the dodecamethylcyclohexasiloxane (D6).The
main linear VOSiCs are the trimethylsilanol (TMSol), the
hexamethyldisiloxane (L2), the octamethyltrisiloxane (L3),
and the barely present decamethyltetrasiloxane (L4) [4, 5].
Depending upon the type, origin, and quality of organic
waste landfilling, sewage sludge digestion, or sorted biowaste
digestion processes, relative proportions of VOSiCs can
fluctuate [6].

During combustion, VOSiCs are oxidized into silica and
silicates, which deposit in combustion chambers [3, 4, 7, 8].
The accumulation of those abrasive deposits to a thickness of
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Figure 1: Structural formulas of VOSiCs: (a) linear (1 < 𝑛 < 3), (b) cyclic (1 < 𝑛 < 5), (c) trimethylsilanol (TMSol), and (d) tetramethylsilane
(TMS).

several millimeters affects equipment’s performances (motor,
spark plugs, pistons, cylinder heads, valves, etc.) and contam-
inates lubricating oils, resulting in an increasing global cost
of maintenance and cleaning [9]. Various abatement tech-
niques, such as solvent wash and adsorption on solids, have
been developed or adapted to remove those harmful trace
constituents from biogas [9–13]. To design and subsequently
assess the efficiency of those techniques, a reliable analysis
of VOSiCs for DGs/LFGs is required. Previously, there has
been no standardized protocol for VOSiCs quantification.
First studies have revealed that results can significantly
vary depending on the sampling and screening techniques
[5, 14, 15]. One of the foremost methods is based on gas
chromatography coupled with mass spectrometry (GC-MS),
which allows the speciation of VOSiCs [3, 8, 10]. Among
hundreds of existing VOSiCs, only 6 to 10 compounds are
usually quantified by GC-MS for various reasons; some are
better known, more common and/or standards are available.
Due to the unavailability of certain analytical standards, most
laboratories provide results as toluene (or other) equivalents.
Peak areas on chromatograms are reported to a toluene
calibration curve in order to derive a numerical value of
concentration. Several disadvantages dependent on the ana-
lytical chain, linked to the storage, the transport or even
the availability of analytical standards, disturb this speciation
technique which is nowadays the most employed.

Another technique uses inductively coupled plasma-
optical emission spectrometry (ICP-OES) to allow a global
quantification of the total silicon content in biogases [7, 16].
Thanks to the use of an absorptionmethod based on an easily
transportable device [16], VOSiCs can be quickly and directly
trapped (in less than 25min) into absorbing solutions. All
VOSiCs are soluble in various organic solvents, such as oil
[9], toluene, acetone, heptane, hexane [17, 18], and methanol
[19, 20]. However, some major analytical problems have been
highlighted when elementary Si from VOSiCs is analyzed
by ICP-OES. For example, the Si content of TMSol aqueous
solutions is overestimated by a 17 factor in comparison to the
classical Si mineral NIST standard [21]. Hagmann et al. [17]
also have shown that Si contents of L2, D3, and D4 solutions
in organic solvent are overestimated, respectively, by 8.7,
3.6, and 1.4 in comparison to octaphenylcyclotetrasiloxane
standard. Sánchez et al. [22] have shown that it goes the
same way for the Si contents of VOSiCs in xylene matrices
in comparison to dimethyloctylchlorosilane standard. For
example, D4 Si signal is exacerbated by a factor 1.5 and L2

Si signal by a factor 17. So, this phenomenon could occur with
any matrices and with the others VOSiC present in biogases.
Hagmann et al. [17] and Sánchez et al. [22] mentioned
that the origin of the overestimation takes place during
the nebulization step in the ICP-OES apparatus. Volatile
compounds could desorb outside of the mist and enhance
silicon level in the outside atmosphere. In this case, it is a
source of analytical bias, which systematically overestimates
Si amounts.

Some scientists use both methods to exploit their com-
plementarity. Schweigkofler and Niessner [4] proposed a
GC-MS/AES as a detection coupling; VOSiC identification
is allowed by the mass spectrometer whereas quantification
is performed by atomic emission spectrometry. Chao [23]
used GC, to separate VOSiCs, coupled to an atomic emission
detector using a microwave-induced He plasma to perform
quantification.

This research paper presents and discusses results
obtained on several biogases, in using ethanol to absorb
VOSiCs and then ICP-OES to quantify total elementary
Si. Laboratory development thanks to synthetic matrices
and fieldwork validations thanks to biogases sampled on
sites will be established to evaluate the efficiency of the
analytical methodology developed to overcome the issue of Si
overestimation during ICP-OES analyses ofVOSiC in organic
matrices.

2. Materials and Methods

2.1. Reagents and Solutions. Hexamethyldisiloxane (98.5%),
octamethyltrisiloxane (97%), decamethyltetrasiloxane
(97%), dodecamethylpentasiloxane (97%), hexamethylcy-
clotrisiloxane (98%), octamethylcyclotetrasiloxane (98%),
and decamethylcyclopentasiloxane (97%) were purchased at
Sigma-Aldrich; dodecamethylcyclohexasiloxane (97%) was
purchased at ABCR, trimethylsilanol (99.3%) was purchased
at Chemos, and absolute ethanol (99.9%) was purchased
at Prolabo. All stock solutions and dilutions were made
into absolute ethanol. All VOSiCs standards were tested
in comparison to a L5 calibration curve, either alone at
0.5, 1, 4, and 5mgSi/L to assess their individual analytical
response in ethanol matrices, or via 300mgSi/L mixtures
showing different VOSiCs distributions diluted to reach 2,
4, and 5mgSi/L. Individual VOSiC analytical responses are
named afterwards as “response factors.” Response factor is
defined as the measured Si concentration (in comparison to
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Table 1: Typical LFGs and DGs compositions in % of Si for each VOSiC by GC-MS and the total Si in mgSi/Nm3 biogas.

% Si LFG A LFG B1 LFG B2 LFG B3 LFG C DG A DG B
TMSol 26 11 24 6 36 1 1
L2 10 11 19 19 10 — —
L3 1 7 1 1 1 — 2
L4 — — — — — 1 —
D3 2 19 3 3 3 — 2
D4 38 32 46 44 29 20 30
D5 23 19 7 6 21 78 65
Total Si content (mgSi/Nm3) 9 4 23 29 8 1 1

L5 calibration curve) over the calculated Si concentration by
dilution of the standard.

2.2. Real Samples Origins. LFGs produced at 3 French
nonhazardous waste landfills (landfill A, B, and C) and DGs
produced at 2 French WWTPs (WWTP A and B) were
sampled between the conditioning system and a potential
pretreatment.

2.3. Sampling and Analysis

2.3.1. Bags Sampling. Tedlar bags of 3 liters with polypropy-
lene fittings were used to sample and store LFGs and DGs.
Samples were sent to a private accredited laboratory, able
to perform a speciation of VOSiCs by GC-MS analysis. The
analysis procedure consists of the direct injection of gaseous
samples from bags into the GC-MS device. Laboratory
provides VOSiCs concentrations in mg of each analyzed
compound per Nm3 of dry biogas. The analytical relative
uncertainty provided by the laboratory is of 15% for each
compound.

2.3.2. Liquid Absorption Sampling. The patented method
used and developed by Germain et al. [16] is based on a
known biogas volume, bubbling at a controlled flow rate
thanks to a mass flowmeter (Brooks) calibrated for biogas,
into liquid solutions able to absorb VOSiCs. In order to avoid
any contamination, a Si-free sampling device has been built
(Figure 2).

The absorption device consists of four successive 250mL
HDPE bottles (Azlon) each filled with 150mL of absolute
ethanol. After sampling, bottles are stored at 4∘C until
analysis.

Samples analyses from each bottle are performed by
a radially observed Ultima 2 Horiba Jobin-Yvon ICP-
OES (Longjumeau, France) running through an argon flow
(4.5; Linde Gas). The apparatus is functioning with a
40.68MHz radiofrequency generator and a Czerny-Turner
grating monochromator. The classical cyclonic spray cham-
ber has been replaced by an IsoMist (Glass Expansion,
Australia), which is a programmable temperature cyclonic
spray chamber (variable from −10∘C to +60∘C). The IsoMist
allows pure ethanol injection without plasma extinction by
decreasing the temperature in the nebulization chamber
to −10∘C. Moreover this will have a side benefit which is

Micropump

Biogas 
outlet 

Diffuser 
Biogas 

inlet

Mass 
flowmeter

Figure 2: Principle of the liquid absorption bubbling device.

the decrease of analyte volatilization outside of the mist
drops and a reduction of the induced overestimation. Si
concentrations are determined at 251.6 nm with a viewing
height above load coil of 5mm and a radial plasma viewing
mode. The torch was vertical, demountable with a 3mm i.d.
injector. The radiofrequency power used was of 1400W, the
sample uptake was of 0.5mL/min, the nebulisation pressure
was of 1 bar, and plasma gas flow rate and sheath gas flow rate
were, respectively, of 16 and 0.35 L/min.

Calibration, ranging from 0 to 5mgSi/L, is done with L5
standards, a nonvolatile siloxane (vapor pressure < 0.01 kPa
at 25∘C), logically absent from DGs and LFGs.

Considering the Si levels in the absorbing solutions, the
volume of solvent used and the volume of biogas in contact,
it is possible to derive the Si content intomgSi/Nm3 of biogas.

3. Results and Discussion

3.1. LFGs and WWTPs DGs VOSiCs Composition. Table 1
provides a summary of VOSiCs speciation from LFGs and
WWTPs DGs sampled in different fieldworks and at different
times during the year.

It is noticeable that VOSiCs composition varies in time
and space, which will direct our methodology development.
Main VOSiCs are different in LFGs (D4, TMSol, D5, and L2)
than in WWTPs DGs (D5, D4); as well some VOSiC can be
totally absent fromone site and in large quantity in other sites.
We can cite as examples the cases of TMSol or L2, which are
residual in WWTPs DGs and significant in LFGs. About L5
quantification, analyses reveal that its level stays under the
detection limit of the device (0.005mg/Nm3) whatever the
sampling site.
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Figure 3: VOSiCs ICP-OES analytical responses (L5 calibration
curve) by comparison with the theoretical concentration. Analyses
are performed at −10∘C and each value is the mean of 3 measure-
ments.

3.2. Development of the ICP-OES Analytical Methodology for
VOSiC Total Si Measurements

3.2.1. VOSiCs Individual Analytical Standard Deviation.
Figure 3 shows Si measurements for each VOSiCs standard
solutions (using L5 calibration curve) on the calibration range
routinely used in the analysis procedure, namely, from 0.5 to
5mgSi/L as a function of the theoretical calculated concen-
tration of each standard solution. In this case, the response
factor is equal to the slope for each VOSiC regression line
on the studied range. Uncertainties on the 𝑥-axis correspond
to standard solution preparation and on the 𝑦-axis to the
standard deviation over 3 measurements of the solution.

Linearity of VOSiCs analytical individual response in
ethanol is highlighted (𝑟2 ranging from 0.9993 to 1). There-
fore, it verifies VOSiCs solubility in ethanol in the range from
0.5 to 5mgSi/L. Furthermore, 7 out of 8 VOSiCs show an
individual response factor (equal to the slope for each VOSiC
regression on the studied range) close to 1 (consideredVOSiC
ICP-OES responds as the L5 standard), namely, between 0.9
and 1.4. Only L2 presents a remaining high response factor
of 4.6. It is linked to the structure of L2 and its high vapor
pressure (ca. 5.5 kPa at 25∘C), which consequently facilitates
its volatilization and increases analytical bias.

According only to vapor pressure, TMSol must show an
important residual overestimation in these conditions as its
vapor pressure (ca. 9.9 kPa at 25∘C) is higher than the one of
L2. However, the response factor of TMSol is only around
1.1 which is linked to Henry’s law through the Henry’s law
constant which is function of temperature, solute and solvent
nature. Indeed, this is explained by the hydrogen bonds
between the hydroxyl groups of TMSol and those of ethanol.
This phenomenon improves the solute/solvent interactions

Table 2: Determination of the mean response factors observed by
ICP-OES at −10∘C for the 3 standards solutions at 2, 4, and 5mgSi/L
(L5 calibration).

% of Si/sample coming
from L2 Mean response factor RSD %

0 1.0 2
10 1.3 0
15 1.4 7
20 1.6 4
25 1.7 0
Median value
(excluding 0% Si from L2) 1.5 —

and annihilates TMSol desorption from themist drops at low
temperature.

Postanalysis adjustments need to be performed on ICP-
OES raw data interpretation as no other technical improve-
ment is available to further decrease the temperature in the
nebulization chamber and avoid L2 desorption from mist.

3.2.2. Method Adjustment via Synthetic Laboratory Solutions.
As explained above, L2, particularly substantial in LFGs,
disturbs the accuracy of the ICP-OES analytical method in
ethanol matrix. L2 percentage can fluctuate from one site to
another, ranging, as shown in Table 1, from 10 to 19% of the
total Si LFGs content and be totally absent in WWTPs DGs.

To remain consistent, mixtures of commercial VOSiCs
standards (TMSol, L2, L3, D3, D4, and D5) in ethanol,
modeled after typical LFGs and DGs GC-MS analyses, have
been simulated and analyzed in laboratory by ICP-OES.
Five stock solutions of synthetic mixtures have been made
with a total Si concentration of 300mgSi/L. The difference
between these 5 mixtures is the Si percentage coming from
L2 which was set up at 10, 15, 20, and 25%, proportions
of the other VOSiCs are also evolving but ratios remain
constant compared to each other. For each synthetic mixture,
3 standards (at 2, 4, and 5mg of total Si per liter) from
stock standard solutions dilution, covering the whole range
of L5 calibration, have been realized. The mean ICP-OES
response factors between the 3 total Si concentrations for each
percentage of L2 are reported in Table 2.

Different percentages of L2, covering classical contents
reached in LFGs, have been applied on a typical LFG com-
position copy, causing a modification of the other VOSiCs
silicon amounts represented. The evolution of response fac-
tors is linear as a function of the Si percentage coming from
L2. A straight line (𝑦 = 0.0284𝑥 + 1.0027) with a correlation
coefficient 𝑟2 of 0.9932 is obtained. Moreover, it is noticeable
that, for a same Si percentage coming from L2, whatever the
mixture composition in terms of total Si amount (2, 4 or
5mgSi/L), response factors are constant (0% < RSD < 7%).

When L2 is absent from the analyzed mixtures, the ICP-
OES result in comparison to L5 calibration curve is accurate
(at 0% of L2: response factor of 1.0), which confirms the
accuracy of the sampling and analytical methods forWWTPs
DGs, without any adjustment. As the Si level coming from L2
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Table 3: GC-MS analysis (LFG B3).

mgSi/Nm3 biogas
TMSol 2
L2 6
L3 0
L4 <LD
L5 <LD
D3 <LD
D4 13
D5 2
TMS 6
Total 29

is higher than 10% for the other solutions, the application of
a correction by the mean response factor will only concern
LFGs. A global theoretical response factor of 1.5 ± 0.2,
covering the whole deviations observed for L2 proportions
representative of real LFGs, is established from these results.

3.3. Method Validation for LFGAnalysis. Only one validation
is presented, the methodology is applicable to all LFG
analyses (with a classical L2 percentage less than 25% of the
total Si LFGs content).

3.3.1. Experimental GC-MS and ICP-OES Results on LFG
B3. Successively, via the absorption device, set up with 4
bottles containing ethanol, and a via 3L Tedlar bag, biogas
has been directly sampled from a single tapping point
installed upstream from the combustion engine at landfill B
to provide a gaseous sample forGC-MS analysis (Table 3) and
a liquid sample for ICP-OES analysis (Table 4) which will be
compared.

For LFG B3, the GC-MS quantification provides a con-
centration of 29 ± 5mgSi/Nm3. This result will be named
Result 1 afterwards. The ICP-OES quantification with the
application of the 1.5 ± 0.2 correction factor (deduced by
laboratory experiments) leads to a concentration ranging
from 28 to 36mgSi/Nm3 for LFG. This result will be named
Result 2 afterwards.

The global relative uncertainty of experimental determi-
nation of the total Si amount by ICP-OES in LFG has been
calculated and associated with a potential margin of error of
15% and the relative uncertainty calculated for total Si amount
provided by GC-MS is also of 15%.

3.3.2. Theoretical ICP-OES Result Calculation in mgSi/Nm3
LFG. A theoretical calculation of the Si total amount has
been carried out. It took into account the percentage of
Si coming from L2 furnished by the GC-MS analysis (see
Table 1, LFG B3, %Si (L2) = 19%; which is the same analysis
to the one presented in Table 4) and the L2 individual
response factor in ethanol matrix, that is, 4.6 (see Figure 3).
Equation (1) summarizes the different adjustments (due to
the operational conditions and L2 theoretical adjustments) to

Table 4: ICP-OES analysis (LFG B3).

Bottles numbers Si content
Bottle number 1 (mgSi/L EtOH) 6,0
Bottle number 2 (mgSi/L EtOH) 0,3
Bottle number 3 (mgSi/L EtOH) <LD
Bottle number 4 (mgSi/L EtOH) <LD
Si total (mgSi/L EtOH) 6,3
Si total (mg/Nm3 biogas) 47
Si total (mg/Nm3 biogas) adjusted
by a global overestimation factor of:

1,3 36
1,5 31
1,7 28
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Figure 4: Comparison of experimental quantifications obtained by
GC-MS (Result 1); ICP-OES (Result 2); and the theoretical ICP-OES
by calculation (Result 3).

apply to convert the Si level, furnished in mgSi/L of ethanol
by the ICP-OES device, in mgSi/Nm3 of biogas:

[Si]mg/Nm3 =
𝑎

1 + (3.6 × (𝑏/100))

×

𝑐

𝑑

× 1000. (1)

The terms of (1) are described as follows: 𝑎 (mgSi/L):
sum of the raw Si concentration in the 4 bottles of the
sampling device measured by ICP-OES with L5 calibration.
𝑏 (%): percentage of Si coming from L2 within the total Si
determination by GC/MS analysis. 𝑐 (L): volume of ethanol
in one bottle of the sampling device. 𝑑 (L): volume of LFG
sampled.

The relative uncertainty on the result of the calculated
theoretical ICP-OES value has been calculated and is of 15%.

In our example, the application of (1) leads to a theoretical
ICP-OES value for LFGB3 of 28±5mgSi/Nm3.This result will
be named Result 3 afterwards.

3.3.3. Methods and Results Comparison. Figure 4 is a visual
representation of the three results (experimental GC-MS;
experimental ICP-OES; and theoretical ICP-OES) with their
uncertainties.
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Theoretically, the value of 1.5±0.2 of the global correction
factor is validated for the present analytical method as the
theoretical ICP-OES value of 28 ± 5mgSi/Nm3 (Result 3),
simulated thanks toGC-MS data (%Si fromL2 in total Si) and
L2 individual response factor for ICP-OES analyses, is recov-
ering in the range of values corresponding to experimental
ICP-OES concentrations after correction (28 < mgSi/Nm3
LFG < 36, Result 2).

Experimentally, the conclusive similitude between
the GC-MS result (29 ± 5mgSi/Nm3 of LFG, Result
1) and the corrected experimental ICP-OES results
(28 < mgSi/Nm3 LFG < 36, Result 2) confirms the necessity
of an adjustment method, using a global correction factor of
1.5 ± 0.2.

By comparison of ICP-OES experimental (Result 2) and
theoretical results (Result 3), it has also been proved that
the analytical calculation is able to free ourselves from the
analytical deviation linked to L2 presence in LFGs.

All three results added by their uncertainties are recov-
ering each other. These results imply that ICP-OES method
(using an adapted correction factor) provides the same
results to GC-MS analysis in terms of total Si, which will
allow performing more cost-effective analyses of total Si in
biogases.

4. Conclusion

A liquid absorption in ethanol, considered more harmless
and environmental friendly than methanol or other solvents,
such as acetone, toluene, hexane, and heptane, minimizes
the risks of biogas and LFG sampling. All VOSiCs are easily
solubilized and then analyzed by ICP-OES which allows a
global quantification of Si.

The only VOSiC identified as responsible for an analytical
bias (L2), which could falsify consequently Si quantification,
is absent from WWTPs DGs. Therefore, even if it has been
verified, no global deviation needs to be measured for this
type of gas, whatever the type of analysis. Finally, only the
analysis of VOSiCs from LFGs (with a classical L2 percentage
less than 25% of the total Si LFGs content), absorbed in
ethanol, requires the use of a 1.5±0.2 corrective factor to apply
to the total Si level issued from the ICP-OES analysis.

The easy use of sampling and analysis protocols has
revealed that the method uncertainty is acceptable for biogas
treatment applications. A first step for Si total quantification
in biogases is established and allows an access to a global
biogas quality indicator. It can, in addition to a detailed
occasional VOSiCs speciation, lead site managers in their
equipment choices (type, size, etc.) thanks to a routine assess-
ment. Results are given with a 15% uncertainty, equivalent to
private laboratories ones.

Nevertheless, it remains possible to quantify separately
polar VOSiCs from the less polar, by using water upstream
from the ethanol bottles in charge of trapping the TMSol
(thanks to the fact that 95% of Si biogases content is trapped
in the first bottle and the 5 remaining percentiles in the
second). In this case the methodology will still be applicable,
as TMSol will be quantified separately in water over a TMSol

calibration, so no bias occurs (data not shown) which is
similar to its response factor of 1.1 in ethanol in comparison
to L5 calibration.
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There has been a rapid growth in using agricultural residues as an energy source to generate electricity in China. Biomass power
generation (BPG) systems may vary significantly in technology, scale, and feedstock and consequently in their performances.
A comparative evaluation of five typical BPG systems has been conducted in this study through a hybrid life cycle inventory
(LCI) approach. Results show that requirements of fossil energy savings, and greenhouse gas (GHG) emission reductions, as
well as emission reductions of SO

2
and NO

𝑥
, can be best met by the BPG systems. The cofiring systems were found to behave

better than the biomass-only fired system and the biomass gasification systems in terms of energy savings and GHG emission
reductions. Comparing with results of conventional process-base LCI, an important aspect to note is the significant contribution of
infrastructure, equipment, and maintenance of the plant, which require the input of various types of materials, fuels, services, and
the consequent GHG emissions. The results demonstrate characteristics and differences of BPG systems and help identify critical
opportunities for biomass power development in China.

1. Introduction

With the rapid development of economy, electricity demand
continues to grow in China. Significant attention has been
focused on the high dependence of electricity generation on
coal, including greenhouse gases (GHG) emissions and envi-
ronmental pollution. Alternate approaches are being sought.
Biomass is the only renewable fuel available for combustion-
based electricity generation. Moreover, straw is no longer
the primary fuel for cooking and space heating in many
rural communities. A large amount of straw is abandoned or
incinerated in the fields, resulting in environmental pollution
and a waste of resources. For these reasons, biomass power
generation (BPG) has gained significant attention in China.
By the end of 2010, the overall installed capacity of biomass
power had reached 5.5GW. In addition, China has set the
goals in State Plans forMediumandLong-TermDevelopment
of Renewable Energy to achieve 30GW of biomass power
capacity by 2020 [1].

There are currently three kinds of biomass power plants
in China: biomass-only fired power plant, biomass-coal co-
firing power plant, and biomass gasification power plant.
These plants may vary significantly in technology, scale,
and feedstock and consequently in their performances. In
the short term, large-scale electricity generation based on
biomass-only fired or cofiring is the most promising alterna-
tive to achieve expected biomass electricity market contribu-
tion and to fulfill GHGemissions targets,mainly due to better
technological reliability and maturity [2]. However, biomass
is usually characterized by massive volume and dispersed
distribution, which may incur high energy and economic
costs during collection. Small- and medium-scale biomass
gasification power generation technology may be more feasi-
ble than large-scale direct-fired and cofiring technology [3, 4].
A full assessment and comparison of potential of each system
for sustainable development should be conducted.

Several studies have been undertaken using life cycle
assessment (LCA) to analyze benefits and drawbacks of BPG
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Table 1: Coefficient matrices for the hybrid LCI analysis.

BPG systems IO sector
Functional

unit
Total
output

Process
commodity

(𝑐 = 1, 2, . . . , 𝑙)

Process activity
(𝑝 = 1, 2, . . . , 𝑚)

Energy sector
(𝑖 = 1, 2, . . . , 𝑛

𝑒
)

Nonenergy sector
(𝑗 = 1, 2, . . . , 𝑛)

BPG systems

Process commodity
(𝑐 = 1, 2, . . . , 𝑙) U𝐶𝑃 F Q

Process activity
(𝑝 = 1, 2, . . . , 𝑚) V𝑃𝐶 V𝑃𝐸 V𝑃𝑁 G

IO sector

Energy sector
(𝑖 = 1, 2, . . . , 𝑛

𝑒
) U𝐸𝑃 U𝐸𝐸 U𝑁𝐸 x

𝐸

Nonenergy sector
(𝑗 = 1, 2, . . . , 𝑛) U𝑁𝑃 U𝑁𝐸 U𝑁𝑁 x

𝑁

Table 2: Accounting framework for BPG systems.

BPG systems IO sector
Functional

unit
Total
output

Process
commodity

(𝑐 = 1, 2, . . . , 𝑙)

Process activity
(𝑝 = 1, 2, . . . , 𝑚)

Energy sector
(𝑖 = 1, 2, . . . , 𝑛

𝑒
)

Nonenergy sector
(𝑗 = 1, 2, . . . , 𝑛)

BPG systems

Process commodity
(𝑐 = 1, 2, . . . , 𝑙) A

𝑓𝑓 B𝐶𝑃 A
𝑓𝑛

A
𝑓𝑛 F Q

Process activity
(𝑝 = 1, 2, . . . , 𝑚) D𝑃𝐶 G

IO sector

Energy sector
(𝑖 = 1, 2, . . . , 𝑛

𝑒
) A

𝑒𝑓 A
𝑒𝑒

A
𝑒𝑛

x
𝐸

Nonenergy sector
(𝑗 = 1, 2, . . . , 𝑛) A

𝑛𝑓 A
𝑛𝑒

A
𝑛𝑛

x
𝑁

systems in China because LCA considers all the processes
involved in each alternative in a cradle-to-grave manner [5–
8]. However, direct comparisons on the same bases are diffi-
cult to find. Therefore, five typical power plants are studied
in this study through a detailed life cycle inventory (LCI)
approach: 25MW biomass-only fired plant, 140MW cofiring
plant, 25MW cofiring plant, 1MW gasification plant, and
5.5MWgasification plant.The results demonstrate character-
istics and differences of BPG systems and help identify critical
opportunities for biomass power development in China.

2. Methodology

LCI analysis is one of the four phases of LCA involving the
compilation and quantification of inputs and outputs. The
two basic methods for compiling an LCI are the process-
based analysis and the input-output (IO) analysis. Most
LCIs have been conducted based on a process-based analysis
where the physical quantities of energy and material use and
environmental releases from the main production processes
are assessed in detail, but nevertheless the process-based
analysis suffers from a systematic truncation error due to the
delineation of product system by a finite boundary and the
omission of contributions outside the boundary [9]. In con-
trast, input-output analysis is a top-down technique that uses
sectoral monetary transaction matrixes describing complex
interdependencies of industries within a national economy.
Input-output analysis can overcome the “truncation error”

and solve the traditional system boundary limitation by
taking into account capital goods and overheads as inputs to a
product system, which are often deliberately left out by most
of process-based LCIs [9]. However, it also has limitations
associated with high levels of aggregation in industry or
commodity classifications, as well as potential uncertainty
[9, 10]. Moreover, monetary value, the most commonly used
representation of interindustry transactions in input-output
tables, may distort physical flow relations between industries
due to price inhomogeneity [9].

The hybrid LCI method seeks to use advantages of both
methods while mitigating their respective limitations. One
of the practical examples has been presented by Inaba and
his coworkers [11]. He developed a production equilibrium
hybrid model to assess reductions in CO

2
emissions by

food waste biogasification by using a matrix representing the
input-output relationship of energy and materials among the
processes and sectors. The method presented and utilized in
this research takes a similar approach to that used by Inaba
et al. [11]. To gain more insight into contributions of energy
consumptions and emissions of BPG systems, each lifecycle
stage was considered as a subsystem of the larger group of
Chinese industrial sectors in the LCI model.

2.1. Goals and Scope. In a consequential LCA, the differences
in environmental impact stemming from changes made to a
reference system are quantified. Fossil fuel system substituted
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Table 3: Classifications of IO sectors in hybrid LCI model.

Sector
code Sectors

1-1 Raw coal
1-2 Cleaned coal
1-3 Other washed coal
1-4 Coke
1-5 Coke oven gas
1-6 Other gases
1-7 Other coking products
1-8 Crude oil
1-9 Gasoline
1-10 Kerosene
1-11 Diesel oil
1-12 Fuel oil
1-13 Liquefied petroleum gas
1-14 Refinery gas
1-15 Other petroleum products
1-16 Natural gas
1-17 Electricity
1-18 Heat

2 Farming, forestry, animal husbandry, fishery, and water
conservancy (agriculture)

3 Ferrous and nonferrous metals mining and dressing
4 Nonmetal and other minerals mining and dressing

5 Food processing, food production, beverage
production, and tobacco processing

6 Textile

7 Garments and other fiber products, leather, furs, down
and related products

8 Timber processing, bamboo, cane, palm and straw
products, and furniture manufacturing

9
Papermaking and paper products, printing and record
medium reproduction, and cultural, educational, and
sports articles

10
Raw chemical materials and chemical products,
medical and pharmaceutical products, and chemical
fiber, rubber, and plastic products

11 Nonmetal mineral products
12 Smelting and pressing of ferrous and nonferrous metals
13 Metal products
14 Ordinary machinery, equipment for special purpose
15 Transport equipment
16 Electric equipment and machinery

17 Manufacture of communication equipment, computers,
and other electronic equipment

18 Instruments, meters, and cultural and office machinery
19 Artwork and other manufacturing
20 Recycling and disposal of waste
21 Water production and supply
22 Construction

23 Transport, storage, postal, and telecommunications
services

24 Wholesale, retail trade, hotels, and catering service
25 Other service activities

or most likely to be substituted by biomass energy system is
usually chosen as the reference system. Compared with the

reference system, biomass power plants’ performances may
vary depending on other factors such as the normal routes
of biomass disposal and local energy consumption structure.
For the sake of comparison, some simplifications have been
made in this study. Credits are not taken for the avoided
operations of normal routes of biomass disposal such as field
burning. Coal-fired plant before retrofitting for cofiring is
chosen to be the reference systemof biomass cofiring systems.
It was assumed that the specific portion of coal cofired with
biomass has the same electric efficiency and emissions as
those before cofiring. The differences of electric output and
emissions between cofiring and the specific portion of coal
cofired with biomass were allocated to biomass. Biomass is
assumed to substitute part of the coal without changing the
performance of the rest part of coal in power generation. A
simple and useful comparison can be carried out this way.
For the biomass-only system and biomass gasification system,
the reference system is the electricity sector in IO table (see
Table 3), which represents the national average of electricity
production. Despite this, useful information can be obtained
since power generation fromcoal accounts formore than 80%
of annual power generation in China [12].

Two main objectives were pursued in this study: firstly,
to determine the reduction of GHG emissions, the primary
energy (PE) savings that could actually be attained when
biomass power is compared to conventional electricity pro-
duction, and secondly, to evaluate which BPG system is more
beneficial on the same basis.We have established that the LCI
is done from the production process of the biomass to the
electric output suitable for consumption of power plants.

2.2. System Boundaries. A consistent scope of system bound-
aries which mainly includes three life cycle stages is adopted
to facilitate comparison between technologies, as shown
in Figure 1. In all of the stages, the energy, material, and
other services during the entire life time of the plant
were considered, which includes supports from background
economy such as fuel production, extraction/production of
essential materials, and manufacturing and commissioning
of equipment. The ash will be either disposed or used as
industrial raw material and it is not taken into account in
this study, neither are the end-use of electricity and the
decommissioning of power plant.

2.3. Model Description. The previously described inventory
data were summarized into an input-output format, and the
energy andmaterial flow between processes in the systemwas
calculated. A make-use input-output framework was used to
illustrate the BPG systems, as shown in Table 1.

Energy and materials in the system are defined as a
process commodity sector (𝑐 = 1, . . . , 𝑙), and a process itself
is defined as a process activity sector (𝑝 = 1, . . . , 𝑚). Thereby,
matrix U𝐶𝑃 represents input to each process activity (𝑝) of
a process commodity (𝑐), and matrix V𝑃𝐶 represents the
quantity of output of a process commodity (𝑐) from a process
activity (𝑝).

Energy and material inputs from IO sector are described
as matrixes U𝐸𝑃 and U𝑁𝑃, respectively, which comprises the
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Figure 1: System boundaries of BPG system.

IO sector and the process activity sector in the BPG systems.
The matrix U𝐸𝑃 represents input to each process activity (𝑝)
from 𝑎 energy sector (𝑖 = 1, 2, . . . , 𝑛

𝑒
), and matrix U𝑁𝑃

represents input to each process activity (𝑝) fromanonenergy
sector (𝑗 = 1, 2, . . . , 𝑛).

Output of commodities from a process activity sector in
the system (𝑝) to IO energy sector (𝑖) and nonenergy sector
(𝑗) is shown as matrixes V𝑃𝐸 and V𝑃𝑁. The matrixes U𝐸𝐸,
U𝑁𝐸, U𝐸𝑁, and U𝑁𝑁 denote annual commodity transactions
based on the energy and monetary unit between IO sectors.

A production equilibrium model for hybrid LCI analysis
was established using a matrix representing the input-output
relationship ofmaterials and energy among the processes and
sectors described above.The accounting framework is shown
in Table 2.

The matrices B𝐶𝑃 and D𝑃𝐶 = V𝑃𝐶 were calculated using
(1) and (2), respectively. The squarely arranged input coeffi-
cient A

𝑓𝑓
derived from (3) is composed of the commodity

sector in the BPG systems. Vector G is the total output of the
process sectors. VectorQ is the total amount of commodities.
The symbol “̂” indicates a diagonal matrix. Consider the
following:

B𝐶𝑃 = U𝐶𝑃Ĝ−1, (1)

D𝑃𝐶 = V𝑃𝐶Q̂−1, (2)

A
𝑓𝑓
= B𝐶𝑃D𝑃𝐶. (3)

The matrices A
𝑒𝑓

and A
𝑛𝑓

are inputs from energy sector
and nonenergy sector of the BPG systems, respectively, as
described below:

A
𝑒𝑓
= (U𝐸𝑃Ĝ−1)D𝑃𝐶 + (−(V𝑃𝐸)

𝑇

Ĝ−1)D𝑃𝐶,

A
𝑛𝑓
= (U𝑁𝑃Ĝ−1)D𝑃𝐶 + − ((V𝑃𝑁)

𝑇

Ĝ−1)D𝑃𝐶,
(4)

where 𝑇 represents the transpose of a matrix.
ThematrixesA

𝑒𝑒
,A
𝑒𝑛
,A
𝑛𝑒
, andA

𝑛𝑛
describe the intersec-

toral requirements in the background economy:

(
A
𝑒𝑒

A
𝑒𝑛

A
𝑛𝑒

A
𝑛𝑛

) = (
U𝐸𝐸 U𝐸𝐸
U𝑁𝐸 U𝑁𝑁) x̂

−1
,

x = (x𝐸x
𝑁

) .

(5)

Electricity was assumed to be the only product of BPG
systems.Therefore, the total energy requirementmatrix L can
be written as follows:

L = (
I − A
𝑓𝑓
−A
𝑓𝑒
−A
𝑓𝑛

−A
𝑒𝑓

I − A
𝑒𝑒
−A
𝑒𝑛

−A
𝑛𝑓
−A
𝑛𝑒

I − A
𝑛𝑛

)

−1

. (6)

Direct and indirect emissions within a system y
1
and outside

of the system y
2
were calculated by premultiplying L with

direct emissions data and postmultiplying by demand for the
good in question, as represented by the following equation:

(y1 y
2) = (

d
1
d
2)(

I − A
𝑓𝑓
−A
𝑓𝑒
−A
𝑓𝑛

−A
𝑒𝑓

I − A
𝑒𝑒
−A
𝑒𝑛

−A
𝑛𝑓
−A
𝑛𝑒

I − A
𝑛𝑛

)

−1

(

u
0
) ,

(7)

where d
1
and d

2
are the emissions per unit activity of sector

in the system and of the emissions per unit activity of sector 𝑡
in the IO table and u represents the functional unit vector of
the system.
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Table 4: Allocation of energy consumptions for energy sectors.

Energy-related sectors in
IO table and energy
statistical yearbook

Energy sectors in hybrid
LCI model Allocation method of energy consumptions

Coal mining and dressing
1-1 Raw coal

1-2 Cleaned coal
1-3 Other washed coal

Ratio of energy consumptions of raw coal (1-1) and washed coal (1-2,
1-3) was assumed to be 25 : 9, based on Grade 3 of clean production
standard of coal mining and processing industry [24]

Petroleum and natural gas
extraction

1-8 Crude oil
1-16 Natural gas

Crude oil and refinery gas are consumed in Crude oil extraction.
Natural gas is consumed in natural gas extraction

Petroleum processing,
coking, and processing of
nuclear fuel

1-4 Coke
1-5 Coke oven gas
1-6 Other gases

1-7 Other coking products
1-9 Gasoline
1-10 Kerosene
1-11 Diesel oil
1-12 Fuel oil

1-13 Liquefied petroleum
gas

1-14 Refinery gas
1-15 Other petroleum

products

Coking products are consumed in coking. Crude oil and refinery gas
are consumed in processing of petroleum. Ratios of refining efficiency
of gasoline, kerosene, diesel, liquefied petroleum gas, and fuel oil are
assumed to be 85% : 87% : 89% : 93.5% : 95% [25]. Refining efficiency
of refinery and other petroleum are assumed to be the same as fuel oil

Electric power and steam
production and supply

1-17 Electricity
1-18 Steam The equivalent value of electricity to heat is assumed to be 2.78 [14]

Gas production and supply

1-5 Coke oven gas
1-13 Liquefied petroleum

gas
1-16 Natural gas

3. Data Sources and Assumptions

3.1. Classification of IO Sectors and Sectoral Energy Consump-
tions. China’s 2007 monetary input-output table [13], the
latest data of China national economy, was used to construct
the hybrid LCI model. To make full use of data from energy
statistics and to overcome the price inhomogeneity of energy,
the energy-related sectors in IO table were divided into 18
specific energy production sectors. The 2008 China Energy
Statistical Yearbook [14] was used to calculate sectoral energy
intensity vector. Moreover, the IO table was aggregated into
a 24-nonenergy-sector format to be consistent with the Chi-
nese energy statistics based on the standards of classification
of national economic industries [15]. The 18 energy sectors
and 24 nonenergy sectors are shown in Table 3. The sectoral
energy consumptions were transformed from physical units
to energy units with data from the yearbook [14]. It should
be noted that the energy statistics were accomplished based
on industry sectors while the IO table was established based
on commodity sectors. Thus the data of energy statistics
was transformed into commodity-sector based data before
integrating into the IO table.

The energy consumptions of the 5 energy-related sectors
in the 2008 China Energy Statistical Yearbook [14] are
categorized into 18 kinds of energy. Correspondingly, the
5 energy-related sectors in IO table were divided into 18
specific energy sectors to be consistent with the Chinese
energy statistics, as shown in Tables 3 and 4. The energy
consumptions of the 5 energy-related sectors were allocated

to the 18 specific energy sectors, as shown in Table 4. For
example, energy consumption of petroleum and natural gas
extraction was allocated to 1-8 crude oil and 1-16 natural gas.
In other words, it was allocated to petroleum extraction and
natural gas extraction.Most of the energy allocationwas done
on energy basis while some exceptions are listed in Table 4.

Some of the energy is used as feedstock into different
industrial processes. The 2008 China Energy Statistical Year-
book gives the total nonenergy use in the industrial sectors.
It was assumed that all the nonenergy use is in the chemical
sectors [16].The “other petroleumproducts” in all sectors and
coke use in smelting of metals are assumed to be completely
nonenergy use [16].

3.2. Sectoral Air Emissions. GHGemissions particularly CO
2
,

CH
4,
and N

2
O expressed as CO

2
equivalent (CO

2
-eq) have

been assessed in this study. In addition, SO
2
and NOx

emissions were taken into consideration when carrying out
comparisons between options. The SO

2
emissions of indus-

tries recorded in the China statistics yearbook [17] were used
for creating the sectoral intensitymatrix.The current Chinese
statistic system does not provide any national or sectoral
data on GHG and NOx emissions. Thus, the GHG and NOx
emissionswere generally calculated bymultiplying the energy
data by emission factors.

Chinese specific values for the carbon emission factor of
each fuel and the fraction of carbon oxidized for each fuel in
each sector from Peters et al. [16] were used to construct the
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Table 5: GHG emissions of nonenergy use from industrial processes.

Sector code Sector category Industrial processes GHG emissions

10
Raw chemical materials and chemical
products, medical and pharmaceutical
products, and chemical fiber, rubber, and
plastic products

Manufacturing of ammonia, soda ash,
and calcium carbide 105.78Mt CO2

11 Nonmetal mineral products Manufacturing of cement and plain grass 683.93Mt CO2

12 Smelting and pressing of ferrous and
nonferrous metals

Smelting and pressing of ferrochromium,
silicon metal and ferro-unclassified, and
coke as a reducing agent

873.59Mt CO2

2
Farming, forestry, animal husbandry,
fishery, and water conservancy
(agriculture)

Enteric fermentation, manure
management, rice cultivation, and field
burning of agricultural residues

18.44Mt CH4

1-1 Raw coal Coal mining 19409.97 kt CH4

1-8, 1-16 Crude oil, natural gas Oil and natural gas systems 258.31 kt CH4

2
Farming, forestry, animal husbandry,
fishery, and water conservancy
(agriculture)

Manure management, cropland, and field
burning of agricultural residues 614.97 kt N2O

10
Raw chemical materials and chemical
products, medical and pharmaceutical
products, and chemical fiber, rubber, and
plastic products

Nitric acid, adipic acid 74.55 kt N2O

Table 6: NO
𝑥
emissions of nonenergy use from industrial processes.

Category Industrial
processes Quantity (Mt) NO

𝑥
emission

factors (t/t)

NO
𝑥

emissions
(Mt)

10 raw chemical materials and chemical products, medical and
pharmaceutical products, and chemical fiber, rubber, and plastic products

Nitric acid 2.009 0.012 0.0241
Adipic acid 0.215 0.0081 0.0017

12 smelting and pressing of ferrous and nonferrous metals

Iron 494.889 0.000076 0.3761
Ferrochromium-

silicon 0.043 0.0117 0.0005

Silicon metal 0.81 0.0117 0.0095
Aluminum 9.358 0.00215 0.0201

13 metal products Steel rolling 60.927 0.00004 0.2437

CO
2
emissions data. Meanwhile, IPCC (Intergovernmental

Panel on Climate Change) default emission factors of CH
4

and N
2
O of fuel combustion in each sector [18] were used

to calculate the sectoral CH
4
and N

2
O emissions data. The

GHG emissions of nonenergy use from industrial processes
were also taken into consideration, including CO

2
emission

from smelting and pressing of ferrous metals, CH
4
emission

from enteric fermentation, and N
2
O emission from cropland

[19], as shown in Table 5.
Based on the country specific values of sectoral NOx

emission factors [16] and the industrial outputs [20], NOx
emissions from the main industrial processes can be esti-
mated, as presented in Table 6.

3.3. Agricultural Phase. Biomass power plants’ main features
vary depending on several factors: amount of available
resources and their properties, pretreatments required, and

generation technology employed. For the sake of compari-
son, some representative average characteristics in biomass
production and supply had to be selected in this case.

Corn stover is considered as feedstock for biomass power
plants in this study. Life cycle data for the production,
collection, and transportation of the feedstock include the
energy and emissions associated with fertilizers, herbicides,
and fuel to operate harvesting equipment. Data for the
agricultural phase for corn originate mainly from national
statistics [21], which represents the national average in 2007
(Table 7). Inputs were assigned to corn stover based on the
purchased price of stover and grain, which is 120 yuan/t and
1500 yuan/t, respectively [21].

Energy allocation was rejected as grain has been con-
sidered an alimentary product and not a fuel. It has been
considered that agricultural residues resources would not
be collected without an energy demand and no economic
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Table 7: Inputs and allocation in agricultural phrase.

Inputs
Plantation
inputs

(yuan/mu)

Assigned
input of corn

stover
(yuan/GJ)

Seed 26.92 0.308
Chemical fertilizersa 88.43 1.013
Farmyard manure 8.66 0.099
Pesticide 7.96 0.091
Agricultural film 2.62 0.030
Field machinery, irrigation, and
animal power 55.64 0.637

Fuels 0.03 0.393
Technical service 0.03 0.143
Tools and materials 2.1 0.061
Maintenance 1.27 0.101
Others 0.12 0.000
Note: athe amount of N-fertilizer applied in physical unit is 10.27 kgN/mu
[21]. An emission rate of 1.3% of N-fertilizer for N2O [25] was adopted. On
the other hand, emissions associated with land use change were not taken
into account in this study. The average exchange rate of currency in 2007, 1
yuan = 0.132USD and 1 yuan = 0.096 EUR.

value would be obtained. For this reason, partitioning on
an economic basis using the share in revenues (grain and
straw) was the method finally chosen.

3.4. Biomass Supply. The agricultural production is mainly
carried out based on households in China, which results in a
small average planted area and thus scattered straw resources.
Thus the feedstock supply has become a bottleneck for large-
scale use. There are mainly two patterns for biomass supply
in China, which can be referred to as centralized pattern
and distributed pattern. The centralized pattern involves a
centralized storage site by the plant which can receive straw
and ensure the plant’s operation. Straw is mainly collected
by farmers manually and then delivered to storage site by
tractors. The distributed pattern involves a bunch of straw-
receiving stations, which also serve as intermediate storage
sites where biomass is baled and stacked [22].The distributed
pattern was employed by the 25MW biomass-only fired
plant and the 140MW cofiring plant, while the centralized
pattern was employed by the 25MWcofiring plant, the 1MW
gasification plant, and the 5.5MW gasification plant. The
model established in our early study [22] was adopted to
calculate the inputs of biomass supply system, including fuel,
machinery, labor, and other services. Major parameters for
biomass supply are listed in Table 8.

3.5. Biomass Power Stations. The combustion characteristics
of biomass are well-understood and already wildly used in
biomass applications worldwide. However, the development
of biomass-only fired technologies starts fairly late in China.
Advanced oversea technology and equipment have been
employed in most cases. In recent years, some domestically
developed boilers have met the basic operating requirements

Table 8: Major parameters for biomass feedstock supply.

Items Value
Straw/grain ratio 0.75
Corn production (kg/mu) 422.4
Lower heating value (LHV) of corn stover
(MJ/kg, dry basis) 15.6

Moisture content of corn stover (wt%) 10
Sulfur content of corn stovera (wt%) 0.21
Distribution density of biomassb (t/km) 103.3
Average transport distance from
straw-receiving station to the plantc (km) 30

CO2 emission factor of dieseld (g/GJ) 74100
SO2 emission factor of diesele (g/GJ) 93.78
NO
𝑥
emission factor of dieself (g/GJ) 643.19

Note: aan average value of sulfur content of corn stover from Liao et al. [26]
was adopted to ensure that the BPG systems were comparable.
bThe transport distance for centralized pattern was calculated using a
farmland coverage rate of 0.7 and a availability factor of 0.4 in themodel [22].
It was assumed that the collection area is assumed to be a circle centered at
the straw-receiving station and the centralized storage site, where the straw
is evenly distributed [22].
cThe average transport distance is used for the distributed pattern in the cases
of 25MW biomass-only fired and 140MW cofiring.
dCO2, CH4, and N2O emission factors for diesel utilization were adopted
from IPCC road transport default values, the latter two of which are 3.9 g/GJ
[18].
eThe Chinese specific value for sulfur content of diesel was taken from Song
[27]. And the emission rate of sulfur was assumed to be 100%.
fThe Chinese specific value of NO𝑥 emission for diesel vehicles is 27.4 kg/t
[28].

and have been put into operation but the performance still
needs to be confirmed. A 25MW biomass power plant in
Anhui province was taken as an example in this study, which
mainly consists of a 130 t/h high-temperature and high-
pressure steam boiler with vibrating grate and a condensing
steam turbine generator unit.

On the other hand, the R&D activity of BPG technology
started since the 1960s, characterized by rice hull gasification
and power generation system with sizes from 60 to 200 kW.
A number of demonstration plants have been erected over
the past few decades and some of them have been in
operation for several thousands of hours. A demonstration
project of 1MW circulating fluidized bed biomass power
plant which was established by the Guangzhou Institute of
Energy Conversion, Chinese Academy of Sciences in Putian,
Fujian Province, in 1998, was the first project of a MW-scale
biomass power plant in China.Many improvements had been
made in the 1MW system as compared to the former 200 kW
system. However, the overall efficiency of 1MW system is
still less than 20% [12], mainly due to the limited efficiency
of internal gas engine generator. The 1MW gasification and
power generation system in this study consisted of an air-
blown fluidized bed gasifier, a combined gas cleaner, five
200 kW gas engines, and a wastewater treatment system. For
the first time amore efficient system that combines gas engine
and steam turbine is employed in the 5.5MW project [12],
which is located in Xinghua, Jiangsu Province. But there
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Table 9: Major parameters for biomass power plant.

Items
25MW

biomass-only
fired

140MW
cofiring

25MW
cofiring

1MW
gasification

5.5MW
gasification

Electric efficiencya 25.6% 35.4% 27.6% 18.0% 27.0%
Electric efficiency before cofiring 36.1% 28.0%
Cofiring ratio by energy 20% 15%
Auxiliary power consumption rateb 8% 10% 8% 10% 10%
Annual operating hours (h) 6500 7000 7000 6000 6000
Annual power supplyc (GJ) 538200 571536 78246 19440 106920
Life expectancy (year) 15 10 10 15 15
Capital investment (104 yuan)d 24145 8413 1155 428 3350
Annual cost (104 yuan)e 3255 1148 230 92 572
CH4 emissionf (kg/GJ biomass) 0.0037 0.0037 0.0037 0.0037 0.0037
N2O emissionf (kg/GJ biomass) 0.0105 0.0105 0.0105 0.0105 0.0105
SO2 emissiong (kg/GJ biomass) 0.2393 0.0299 0.0299 0.0008 0.0008
NO
𝑥
emissionh (kg/GJ biomass) 0.0590 0.3291 0.3300 0.1733 0.1733

a
Utility boiler efficiency decrease: 1% for each 10% of coal replaced by biomass (on an energy basis) [2].

bEnergy consumption of biomass crushing is included.
cThe energy inputs of the boiler in cofiring plant remain the same as before.The biomass-related power output was listed as the annual power supply of cofiring
plant.
dInvestment on feedstock supply system is not included.
eThe annual cost consists of depreciation cost, maintenance, materials, and personnel. The cost of feedstock supply is not included.
fSince all the carbon in the biomass is recycled, it has been assumed that biomass fuel combustion does not produce GHG emissions due to CO2. The CH4
and N2O emission factors of biomass-only fired plant and biomass gasification system were taken fromWang [25]. In addition, the CH4 and N2O emission of
internal engine is assumed to be the same as that of IGCC fromWang [25]. As in the cofiring case, the emission factors of CH4 and N2O were assumed to be
the same as that of biomass-only fired system.
gFor biomass gasification power plant, the SO2 emission may vary significantly from one to another. The data of the 5.5MW gasification system adopted here
is converted from Jia [29]. And the 1MW gasification system is assumed to have the same emission. Desulphurization device is not usually commissioned in a
biomass-only fired plant, since sulfur content of biomass is usually low.The SO2 emission of biomass-only fired plant is estimated to be 80% of that of feedstock.
On the other hand, the SO2 emission factor of cofiring plant is estimated to be 10%, for desulphurization is commonly used. The sulfur content of coal in the
cofiring case is 1.29 wt% [16].
hThe NO𝑥 emission factor of biomass-only fired plant was converted from Liu et al. [8]. For biomass gasification power plant, the NO𝑥 emission is converted
from Jia [29]. And the 1MW gasification system is assumed to have the same NO𝑥 emission factor. NO𝑥 emissions reduction can be achieved by cofiring and
is calculated using an equation from Tillman [30], which can be expressed as RNO𝑥 = 0.0008𝐶2 + 0.0006𝐶+ 0.075, where𝐶 is the percentage biomass cofiring
on a calorific basis. The NO𝑥 emission factor of coal before cofiring is 335.94 g/GJ coal [16].

are problems that remain to be solved, including lack of
proper gas purification process and short continuousworking
time of the engine system. The 5.5MW gasification power
plant mainly comprises an atmospheric CFB gasifier, a gas-
purifying system, 10 sets of 450 kW gas engines, a waste heat
boiler, a 1.5MW steam turbine, wastewater treatment and ash
discharging systems, and so forth [12]. The data of biomass
gasification plants in this study were mainly obtained from
site-specific data and information.

Compared to biomass-only fired plants, cofiring offers
two important advantages. Firstly, cofiring can take advantage
of the higher efficiency of large-scale coal-fired power plants,
even though boiler efficiency may decrease. Secondly, invest-
ment costs required to achieve bioelectricity production
might be greatly reduced. However, there is still no subsidiary
policy to support biomass cofiring in China. Only a few
demonstration cases exist, like the Shiliquan Power Plant and
several others. In addition, biomass price keeps increasing
rapidly, leading to enormous fuel costs, and therefore the
scheme has not been adopted in other power plants in China.

The Shiliquan Power Plant is the first cofiring plant in China.
Essential facilities were commissioned in a 140MWgenerator
set and crushed biomass is pneumatically conveyed into two
cyclone burners in the boiler. The Shiliquan Power Plant and
a 25MWcofiring plantwere taken as an example in this study.
Data of cofiring plants was mainly collected from a report
[23].

Themajor parameters of biomass power plants are shown
in Table 9.

3.6. Data Classification for Biomass Power Generation (BPG)
Systems. Inputs of BPG system from background economy
consist of fuels, machinery, and other essential facilities. Cor-
responding IO sectors in the LCImodelmainly include diesel,
electricity, transport equipment, and ordinary machinery,
equipment for special purpose, as indicated in Table 10. It is
difficult to precisely classify the inputs into IO sectors, since
the inputs involve almost all economic sectors and some data
is highly aggregated. Thus data classification in this study
follows rules below.
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Table 10: Major expenditures and corresponding IO sectors.

Inputs Sector category
Diesel 1-11 diesel
Electricity 1-17 electricity
Boiler, steam turbine, internal
gas engine, handling equipment,
air blower, drying equipment,
and auxiliary equipment

14 ordinary machinery,
equipment for special

purpose

Transport vehicles 15 transport equipment
Generator, electricity
transmission, and distribution
equipment

16 electric equipment and
machinery

Construction engineering,
wiring, piping, and installation of
electric equipment

22 construction

Transportation of equipment and
materialsa

23 transport, storage,
postal, and

telecommunications
services

Technical service, insurance 25 other service activities
a
The freight and miscellaneous charges of boiler, internal engine, steam
turbine, and generator set were evaluated to be 0.6% of the purchase cost.
The freight andmiscellaneous charges of other equipment andmaterials were
evaluated to be 7%.

(1) All inputs with clear category were classified accord-
ing to the standards of classification of national eco-
nomic industries [15]. For instance, boiler and steam
turbine generator come from the sector “ordinary
machinery, equipment for special purpose.”

(2) Inputs without clear category were classified into
the most related sectors based on evaluations of
engineers.

(3) Maintenance inputs were classified into sectors of
corresponding equipment and services.

(4) Purchase cost of equipment consists of prime cost
and freight and miscellaneous charges. The freight
and miscellaneous charges were classified into sector
“transport, storage, postal, and telecommunications
services.”

4. Results and Discussion

4.1. Primary Energy (PE) Consumption. PE consumption
represents the sum of direct and indirect consumptions of
fossil fuel energy associated with unit output of electricity
from biomass. The PE consumption of BPG systems can
also be defined as the fossil fuel energy consumed within
the system per electric energy delivered to the utility grid.
The results expressed in GJ/GJ are shown in Figure 2. All
the values related to each life cycle process are included.
Taking into account the inputs of agricultural phase, the
PE consumption of BPG systems is 0.11–0.28 GJ/GJ. The PE
consumption of the electricity sector obtained by the model
is 2.85GJ/GJ in this study. Thus, a large amount of PE can be
saved by using biomass in power generation.
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Figure 2: Comparison of PE consumptions of BPG systems.

The 25MWcofiring system exhibits a lower PE consump-
tion, followed by the 140MW cofiring system, the 1MW
gasification system, the 5.5MW gasification system, and the
25MW biomass-only fired in an ascending sequence: 0.11 <
0.15 < 0.17 < 0.19 < 0.28 GJ/GJ, respectively. Without the
agricultural inputs, BPG systems appear to be of the same
sequence of PE consumption, ranging from 0.09GJ/GJ to
0.25GJ/GJ. The major reason may be that cofiring systems
avoid inputs of plant construction that are found in inten-
sively invested system such as biomass-only fired system.
Another reason is that depreciation of original coal power
plant property has not been allocated to biomass power.
The agricultural inputs play a noticeable role, especially in
the 1MW gasification system. PE consumption in Figure 2
of agricultural phase is 0.02–0.04GJ/GJ, which becomes
0.01-0.02GJ/GJ when the inputs of chemical fertilizers are
removed.The chemical fertilizers account for over 50% of the
PE consumption in agricultural phase.

The PE consumption of feedstock supply accounts for a
significant portion in the case of the 25MW biomass-only
fired system and the 140MW cofiring system (see Figure 2).
Despite a higher electric efficiency, the 140MW cofiring
system consumes more PE than the 25MW cofiring system,
mainly owing to significant inputs in feedstock supply. The
distributed pattern can ensure a quality and stable feedstock
supply for large-scale BPG systems, but requires inten-
sive investments for construction and operation of straw-
receiving stations. In addition, fuel consumptions may also
increase significantly as a result of pretreatments and addi-
tional intermediate handlings.On the other hand, the central-
ized pattern involves less investments and fuel consumption,
which may be the first choice for small-scale systems. But
more attention needs to be paid to road maintenance and
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Table 11: Energy saving performance of BPG systems.

Items
25MW

biomass-only
fired

140MW cofiring 25MW cofiring 1MW
gasification

5.5MW
gasification

Energy savingsa (GJ/GJ) 2.57 3.44 4.42 2.68 2.66
Cost of energy saving (yuan/GJ) 29.5 10.5 8.3 21.8 22.3
Cost of energy saving (GJ biomass/GJ) 1.66 0.99 0.98 2.30 1.55
a
In the case of cofiring systems, coal transportation in reference system was not taken into consideration.

utilization, for there would either bemore capacity to be built
or more traffic jams.

In addition to PE consumption, two other measures for
assessing energy use can be defined:

Energy savings = PEref − PEbio,

Cost of energy savings =
𝐶bio

PEref − PEbio
,

(8)

where PEref is the PE consumption of reference system, PEbio
is the PE consumption of BPG system, 𝐶bio is the cost of
biomass power generation, and𝐶bio can be expressed either in
yuan/GJ or in GJ biomass/GJ. Due to the scarcity of biomass
resources, the consumption of biomass may be regarded as
another kind of cost.

The energy savings represent the amount of PE saved
when unit electric energy from biomass is delivered to the
utility grid. The cost of energy savings measures the amount
of investment for every unit of PE saved by the BPG system.
These two indicators may provide a better means of assessing
the BPG systems. Comparing the results presented inTable 11,
it can be observed that cofiring biomass resources in a
coal power plant give better energy saving behavior than
their conversion in biomass-only fired plant and biomass
gasification plant. The highest energy savings are found in
the 25MW cofiring system, which means 4.42GJ of PE can
be saved when 1GJ of electricity produced from biomass is
delivered.The highest energy saving cost in yuan/GJ is found
in the 25MW biomass-only fired system, due to its intensive
capital investments. On the other hand, the 1MWgasification
system appears to have a much higher energy saving cost in
GJ biomass/GJ than the other BPG systems, as a result of low
electric efficiency.

4.2. GHG Emissions. The GHG emission intensity of BPG
systems is defined as the GHG emission by the system per
electric energy from biomass delivered to the utility grid,
which includes the direct and indirect GHG emissions. By
the commonly referred IPCC global warming potentials
(CO
2
: CH
4
: N
2
O = 1 : 21 : 310), the GHG emissions of each

BPG system assessed are shown in Figure 3. The GHG
emission intensity of BPG systems is 26–44 kgCO

2
eq/GJ,

out of which the inputs of agricultural phase account for
about 13%. A GHG emission intensity of 264 kgCO

2
eq/GJ

of the electricity sector is obtained in this study. Large
amounts of GHG emission can be avoided by using biomass
to substitute fossil energy in power generation. It should
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Figure 3: Comparison of GHG emission intensities of BPG systems.

be noted that the 1MW gasification system has a higher
GHG emission intensity but a lower PE consumption than
the 5.5MW gasification system. Due to the lower electric
efficiency, more biomass feedstock is consumed by the 1MW
gasification system per unit electric energy delivered, leading
to more GHG emission from agricultural phase and biomass
combustion.

For all systems, the majority of GHG emission comes
from the life stage of power generation. N

2
O emission,

specifically, from combustion of biomass fuels has signifi-
cant contributions. In the cofiring cases, the results might
differ widely from that obtained by the other researchers.
According to Sebastián et al., biomass pretreatments account
for more than 50% of biomass-related GHG emissions [2].
The major reason for this discrepancy may be that the
energy consumption of feedstock crushing, which is the
most energy-intensive operation, has been regarded as self-
consumption of plants in this study. Other than that, the
results are in good agreement with Liu et al. [8]. GHG
emissions in the agricultural phase account for 10–16% of the
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Table 12: GHG emission reduction of BPG systems.

Items
25MW

biomass-only
fired

140MW cofiring 25MW cofiring 1MW
gasification

5.5MW
gasification

GHG emission reductions
(kg CO2 eq/GJ)

220 404 517 224 229

Cost of GHG emission reductions
(yuan/kg CO2 eq)

0.34 0.09 0.07 0.26 0.26

Cost of GHG emission reductions
(GJ biomass/kg CO2 eq)

0.019 0.008 0.008 0.028 0.018

total, mainly due to fertilizer production and the N
2
O emis-

sion caused by N-fertilizer utilization. Another important
aspect that should be noticed is the significant contribution
of infrastructure, equipment, and maintenance of the plant,
which require the input of various types of materials, fossil
fuels, and the consequent GHG emissions. For the 1MW
gasification system, the inputs of infrastructure, materials,
and maintenance of the plant account for about 25% of the
system’s GHG emission. In some way, the importance of
system completeness when conducting an LCA is testified.
On the other hand, contributions of CO

2
emissions from

tractor operation during biomass transportation are relatively
small.

Similar to the energy saving indicators, two other mea-
sures for assessing GHG emission reduction can be defined:

GHG emission reductions = EMref − EMbio,

Cost of GHG emission reductions =
𝐶bio

EMref − EMbio
,

(9)

where EMref is the GHG emission intensity of reference
system and EMbio is the GHG emission intensity of BPG
system.

The GHG emission reductions represent the amount of
GHG emission avoided per electric energy from biomass
delivered to the utility grid. The cost of GHG emission
reductions measures the amount of investment for every unit
of GHG emission avoided by the BPG system. The cofiring
plant performs better than the biomass-only fired plant and
the biomass gasification plants in GHG emission reductions,
as indicated in Table 12. The comparison results of GHG
emission reductions are similar to that of energy savings,
since the GHG emission reductions are roughly linear to the
energy consumption savings.

4.3. SO
2
and NOx Emissions. The SO

2
(or NOx) emission

intensity of BPG systems is defined as the SO
2
(or NOx)

emission by the system per electric energy from biomass
delivered to the utility grid. The SO

2
emission intensity

of BPG systems is 0.13–1.20 kg SO
2
/GJ. The SO

2
emission

intensity of BPG systems is 0.36–1.34 kg NOx/GJ. For all
systems, the majority of SO

2
and NOx emission comes from

the combustion of biomass fuel, as shown in Figures 4 and 5.
The sulfur content of biomass is much lower than that

of coal. On the other hand, desulphurization involves a large
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Figure 4: Comparison of SO
2
emission intensities of BPG systems.

amount of investment. For these two reasons, desulphuriza-
tion device is not usually equipped in the biomass-only fired
system in China. Desulphurization device of the coal-fired
power plant can effectively remove the SO

2
for the cofiring

system, just as the water scrubber does for the biomass
gasification systems. As expected, the worst SO

2
emission

performance is that of the 25MW biomass-only system.
Comparing the SO

2
emission intensities of 1.79 kg SO

2
/GJ

of the electricity sector obtained by the hybrid LCI model,
BPG systems can anyhow provide a significant reduction
in SO

2
emissions, due to the very low sulfur content of

biomass. Despite the relatively low SO
2
emissions intensities,

the cofiring systems exhibit a small capacity for reducing
SO
2
emissions (Table 13). An explanation can be given by

the assumptions made in this study: the SO
2
emission factor

of the cofiring system was 10%, while only 48% of coal
power plants were estimated to use desulphurization in the
calculation associated with electricity sector.

NOx emission of BPG systems is mainly from biomass
fuel combustion. The NOx formation is influenced by many
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Table 13: SO2 and NO
𝑥
emission reductions of BPG systems.

Items
25MW

biomass-only
fired

140MW cofiring 25MW co-firing 1MW
gasification

5.5MW
gasification

SO2 emission reductions (kg SO2/GJ) 0.59 0.46 0.62 1.67 1.64
NO
𝑥
emission reductions (kg NO

𝑥
/GJ) 0.80 0.21 0.30 0.04 0.39
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Figure 5: Comparison of NOx emission intensities of BPG systems.

factors such as combustion temperature, concentration of
oxygen, residence time, and the content of fuel-bound
nitrogen. The cofiring systems and the biomass gasification
systems can slightly decrease the NO

𝑥
emission, whereas

the 25MW biomass-only fired system performs significantly
better in NOx emission reductions, despite the fact that no
denitrification measures are considered (Table 13).

5. Conclusions

Methodological constraints of process-based life-cycle anal-
ysis, particularly a problem associated system boundary
selection,may lead to some uncertainties in the LCI results. A
hybrid LCI framework can ensure the completeness of system
boundary and provide a desirable method for quantifying a
system’s environmental footprint.

There are currently a number of biomass power plants
in China. The government has not offered any guidance
on preferred type, leaving the market open. A comparative
study is necessarily important. In this paper, a hybrid LCI
model is used to comparatively evaluate five BPG systems,
which may represent the present state-of-the-art in China.
A preliminary feasibility estimation of the biomass power in
China is provided in terms of primary energy (fossil energy)

savings, GHG emission reductions, and avoided emissions of
SO
2
and NOx.
To get 1 GJ electricity from corn stovers, only 0.11–0.28GJ

of primary energy (PE) is consumedbyBPG systems,whereas
primary energy as much as 4.42GJ can be saved by substi-
tuting conventional electricity. At the same time, the BPG
systems only contribute 26–44 kgCO

2
eq of GHG emissions,

while up to 517 kgCO
2
eq of GHG missions can be avoided.

The cofiring systems, especially the 1MW cofiring system,
can achieve the highest PE savings and GHG emission
reductions per electric energy from biomass delivered to the
utility grid. Moreover, the PE savings and GHG emission
reductions are accomplished at a lower cost of biomass
resource andmonetary investment.Thus the cofiring systems
give better behavior than the biomass-only fired system and
the biomass gasification systems. For all systems, the life
stage of power generation is responsible for the largest share
of PE consumptions and GHG emissions. N

2
O emission

from combustion of biomass fuels has made a significant
contribution to GHG emission. Another important aspect
that should be addressed is the significant contributions of
infrastructure, equipment, and maintenance of the plant,
which may be easily ignored in a process-based LCI. Inputs
of various types of fossil fuels, materials, and services are
required in construction and operation of a biomass plant.
And the consequent PE consumptions and GHG emissions
should be taken into consideration.

The emission intensities of SO
2
and NOx of BPG sys-

tems are evaluated to be 0.13–1.20 kg SO
2
/GJ and 0.36–

1.34 kgNOx/GJ, respectively, the majority of which come
from the combustion of biomass fuels. Compared with
conventional electricity, emission reductions of SO

2
andNOx

can be achieved by all BPG systems.
The innovative base of comparison between BPG systems

has allowed assessment and comparison of the five electricity
production system alternatives with agricultural residues.
From the case presented, it is shown that BPG systems could
be a high-potential alternative for electricity generation. In
addition to the environmental benefits quantified in this
LCI, BGP systems will provide other benefits as they are
deployed in China, such as rural economic development
through the creation of new markets and jobs. A specific
LCI study should take into consideration local conditions
such as the normal routes of biomass disposal and energy
consumption structure, which may have significant effects
on results. Moreover, it has to be noted that, by expanding
the scope of analysis in hybrid LCA, the level of precision
is lost due to the use of highly coarse and aggregated
data in input-output table that involved significant amounts
of uncertainties and assumptions. The choice of process
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parameters and allocation procedures can have significant
effects on results as well. Although much work is currently
being undertaken to determine several values used in this
analysis in a more precise way, the main conclusion that can
be highlighted is that, based on the values and assumptions
used, the cofiring system is more beneficial than biomass-
only fired power plant and biomass gasification system, when
the PE savings and GHG emission reductions are taken into
account.
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Microbial species have evolved diverse mechanisms for utilization of complex carbon sources. Proper combination of targeted
species can affect bioenergy production from natural waste products. Here, we established a stable microbial consortium with
Escherichia coli and Shewanella oneidensis in microbial fuel cells (MFCs) to produce bioenergy from an abundant natural energy
source, in the form of the sarcocarp harvested from coconuts. This component is mostly discarded as waste. However, through its
usage as a feedstock for MFCs to produce useful energy in this study, the sarcocarp can be utilized meaningfully. The monospecies
S. oneidensis system was able to generate bioenergy in a short experimental time frame while the monospecies E. coli system
generated significantly less bioenergy. A combination of E. coli and S. oneidensis in the ratio of 1 : 9 (v : v) significantly enhanced
the experimental time frame and magnitude of bioenergy generation. The synergistic effect is suggested to arise from E. coli and S.
oneidensis utilizing different nutrients as electron donors and effect of flavins secreted by S. oneidensis. Confocal images confirmed
the presence of biofilms and point towards their importance in generating bioenergy in MFCs.

1. Introduction

Unprecedented industrialization and the continued spurt
in population growth have vastly depleted global natural
energy sources. This has led to an acute need for alternative,
clean, and renewable energy sources. In particular, extensive
efforts have been invested into increasing efficiencies of solar
cells [1], which has been envisioned as the next frontier
in renewable energy. Another potential source of alternate
energy lies in producing bioenergy from agricultural waste
products via microbial activity.

One potential approach to producing bioenergy from
natural waste products is throughmicrobial fuel cells (MFCs)
which employ the extracellular electron transport (EET)
functionalities of electrochemically active bacteria (EAB)

to facilitate electron transport and thus produce electricity
from diverse energy sources [2]. The free electrons and
protons originate from microbial metabolism of organic
components found in the media within an anaerobic anode
chamber. Metabolism is achieved when electrons move along
the cascading energy pathway of the electron transport
chain, which releases energy for continued survival of the
microorganism. These electrons are further transported by
various EET mechanisms to the external terminal electron
acceptors. A voltage is generated in the process of electrons
moving across the external resistor towards the cathode.
Protons diffuse simultaneously across the selective proton
exchange membrane to the aerobic cathode chamber. In this
compartment, oxygen is reduced by electrons and protons
to produce water molecules in order to complete the charge
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balance. Although this technology has matured over time
and shows promise in concurrent bioremediation and power
generation [3], it has seen little commercial success. This is
due to high material cost and low power performance that
is partly caused by limitations in inferior charge transport at
the inherently insulating microbe-electrode interface. Much
effort has been invested in circumventing these bottlenecks.
Recently, enhanced power output in MFCs has been demon-
strated through chemical modification of the insulating
interface junction across Escherichia coli cellular membrane
[4, 5] and genetic engineering of Pseudomonas aeruginosa
to enhance endogenous secretion of pyocyanin mediators
[6]. Further, small-scale stacked MFCs have been shown to
powermobile devices using human urine as an energy source
[7]. Better understanding of microbial species interactions
employing EET processes has been proposed as a promising
strategy to improve the performance of MFCs [8, 9].

In this contribution, a synergistic microbial consortium
was established andmodified for bioenergy generation froma
complex energy source, in the form of the coconut sarcocarp,
which is defined as the fleshy part of the fruit. According
to statistics from the Food and Agriculture Organization
of the United Nations, ∼54 million tonnes of coconut were
produced in 2010 from mainly tropical coastal countries, of
which a large amount is wasted [10, 11]. However, coconuts
are known to be rich sources of sugars, fats, oil, and car-
bohydrates with small beneficial concentrations of vitamins
and salts [12]. Hence, coconuts which are considered as waste
products can be potentially used as an alternative and natural
energy source for tropical coastal countries.

By choosing the model non-EAB (E. coli) and the EAB
(Shewanella oneidensis), we demonstrate that modification of
the ratio of bacterial strains introduced into the microbial
consortium can significantly improve MFC performance.

2. Materials and Methods

2.1. Media Preparation and Bacterial Strains. The sarcocarp
from a fresh coconut was removed and homogenized using a
Bio-Gen PRO200 Homogenizer (PRO Scientific Inc, USA) at
maximum speed for 5min. All parts of the equipment were
dismantled and wiped down with 70% ethanol to adhere to
sterility requirements. Further, the homogenization process
took place inside a sterile biosafety cabinet to avoid contami-
nation.The resulting slurry was further diluted 2x with sterile
deionized water to form the medium for dispensing into the
MFCs. Monocultures of E. coli (red fluorescent protein (RFP)
tagged) and S. oneidensis (green fluorescent protein (GFP)
tagged) [13] were grown aerobically overnight in lysogeny
broth (LB) at 37∘C and 30∘C, respectively, while shaking at
200 rpm.

2.2. Setup of MFCs. All materials were used as received,
unless otherwise stated. Dual-chamber MFCs were con-
structed as previously described [3, 4, 6]. 19mL of diluted
sarcocarp slurry was dispensed into the anode chamber,
prior to inoculation of the bacterial strains. 1 mL of culture
(OD
600
∼1.0) for each bacterial strain was then inoculated into

the anode chamber only. Final volume of each chamber is

maintained at 20mL.The incubator housing of theMFCswas
set to 33∘C. Data recording started immediately after inocula-
tion. Glass tubes (17mmO.D. × 1.8mmwall thickness) form-
ing the anode and cathode chambers of theMFCs, carbon felt
(3.18 mm thickness), and stainless steel pinch clamps (#28)
were purchased fromVWRPte. Ltd. Titaniumwire (0.25mm
diameter), Nafion N117 proton exchange membrane (PEM),
and serrated silicone septa (18mm O.D.) were purchased
from Sigma-Aldrich. Nylon screws and nuts were purchased
from Small Parts, Inc. 90∘ O-ring-groove-to-plain-end glass
tubes were separated from each other by a piece of Nafion
N117 proton exchangemembrane.The joints of the glass tubes
were greased and sealed against a circular piece of Nafion
membrane (diameter of 2 cm). The whole assembly was held
in place and tightened with a stainless steel pinch clamp.
Carbon felt electrodes were cut to 2 cm × 5 cm dimensions
(width × length) and connected to the titanium wire via the
screws and nuts. The electrodes were then seated inside the
glass tubes. Prior to MFC operation, the devices were filled
with ultrapure water and autoclaved to sterilize the internal
components in the devices. After sterilization, the water was
dispensed and diluted sarcocarp slurry was introduced to
both chambers.The anode chamberwas sealedwith a silicone
septum through which the titaniumwire was threaded, while
the cathode chamber was loosely capped with an inverted
glass scintillation vial to provide an aerobic environment.
The cathode electrodes were only partly submerged in the
catholyte to allow for an “air-wicking” aerobic configuration.
The electrodes were then connected to a 1 kΩ resistor and
voltage measurements across the resistors were recorded at
a rate of 1 point per 5 minutes using an eDAQ e-corder
data acquisition system (Bronjo Medi) equipped with Chart
software. Voltage readings are collected as raw data and
further converted to current density for presentation. Current
is calculated according to the following equation:

𝐼 =

𝑉

𝑅

, (1)

where 𝐼 is the current in amperes (A), 𝑉 is the potential
difference in volts (V), and 𝑅 is the resistance in ohms (Ω).
Current density is obtained by dividing the equation above
by the geometrical surface area of the electrode (by 20 cm2).

2.3. Biofilm Imaging. Electrodes from the anode chamber
were removed from the correspondingMFCs. Allmicroscopy
images of RFP-tagged E. coli and GFP-tagged S. oneidensis
biofilms formed on the electrode surface were acquired
by Carl Zeiss Confocal Laser Scanning Microscope (CLSM
model LSM 780) (Carl Zeiss, Germany) with 40x objective
lens after mounting the electrode fibers onto microscope
slides. Image processing was performed with the software
package, Zen 2011, provided by Carl Zeiss.

3. Results and Discussion

3.1. Electrical Performance. Dual-chamber MFCs were em-
ployed to investigate the bioenergy generated as the coconut
sarcocarp is broken down through microbial oxidation by
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Figure 1: Average current density versus time ofMFCs with various
bacterial species and ratios.

the respective bacterial species. The average current densities
generated over 72 hwere recorded (Figure 1).The consistently
low current densities from all operatedMFCs were attributed
to high internal resistances within the bioelectrochemical
devices, which impede charge movement. Further, the media
in the anode and cathode chambers contained the sarcocarp
slurry, which has limited conductivity. This can be averted
through various forms of optimization, such as adopting
different device architectures [14], apparatus components, or
electrode engineering [15]. However, the focus of this study
was to demonstrate facile bioenergy generation through the
use of a natural, abundant, and readily available energy
source, coconut sarcocarp, by employing common bacterial
species. MFCs inoculated with E. coli generated an average
maximum current density of ∼0.015 𝜇A/cm2 (Figure 1, black
trace), whereas S. oneidensis MFCs generated ∼0.05 𝜇A/cm2
(Figure 1, red trace). The rapid decrease in average current
density generated by the S. oneidensis MFCs after ∼6 h is
caused by the depletion of suitable energy sources available
for S. oneidensis. This is because the single fed batch MFC
system was employed in this study, which is in contrast
to a continuous fed system, where the energy source can
be renewed through a steady exchange of spent and fresh
medium. The average current density generated by the S.
oneidensis MFCs stabilized at a significantly lower current
density of ∼0.005 𝜇A/cm2 up to 72 h. MFCs without any
inoculum were also operated and negligible current density
was generated (Figure 1, grey trace). This indicates that the
observed current densities were driven by the microbial
actions of E. coli and S. oneidensis mono- and cocultures on
the sarcocarp.

It has been well established that electrochemically
active S. oneidensis has various forms of EET mechanisms,
such as conducting outer membrane cytochromes [16],

nanoappendages [17], and secretion of flavins [18], which
act as charge transport mediators. These mechanisms are
electrical conduits to transfer microbially released electrons
to terminal electron acceptors.The ∼3-fold difference in aver-
age maximum current density from monoculture systems is
attributed to poorly evolved E. coli EET mechanisms which
lack the diversity and effectiveness of EET mechanisms in
S. oneidensis. Notably, significant bioenergy generation by
S. oneidensis started from an early stage, while output from
E. coli only started to increase later. This suggests that S.
oneidensis and E. coli might utilize different energy sources
present in the sarcocarp for bioenergy generation. It is further
hypothesized that, in coculture MFCs containing E. coli and
S. oneidensis, a possible synergistic effect involving flavins has
been created. To test this hypothesis, coculture systems uti-
lizing various ratios of E. coli and S. oneidensis were operated
to investigate possible synergistic interactions. Interestingly, a
5 : 5 (50% : 50%, v : v) coculture system produced amaximum
current density of ∼0.045 𝜇A/cm2 (Figure 1, blue trace). As
compared to the monoculture systems (Figure 1, red trace for
S. oneidensis, black trace for E. coli), the 5 : 5 coculture system
could generate a relatively sustainable and significant current
density over 72 h. It is thus noteworthy to further probe the
effect of different bacterial ratios on the extent of bioenergy
generation. A 1 : 9 (v : v) E. coli and S. oneidensis system
generated a maximum current density of ∼0.055𝜇A/cm2
(Figure 1, orange trace), whereas a 9 : 1 (v : v) E. coli and S.
oneidensis system generated a maximum current density of
∼0.025 𝜇A/cm2 (Figure 1, green trace).The ratiomodification
study suggests that introducing a higher concentration of
S. oneidensis in the coculture systems allows for maximum
exploitation of suitable energy sources for S. oneidensis. This
strategy may minimize consumption of such energy sources
by E. coli,which generates significantly lesser bioenergy, and
facilitate generation of excess secreted flavins to enhance E.
coli bioenergy generation at a later stagewhen the species uses
suitable energy sources for itself.

3.2. Biofilm Characterization. Further, the role of biofilms in
the bioelectrochemical systems was elucidated by confocal
microscopy characterization. Representative overlaid bright-
field and confocal imageswere acquired from random strands
of electrodes in respective MFCs. Biofilms were formed in all
systems (Figures 2(a) and 2(b)). To differentiate between each
species, E. coliwas tagged with red fluorescent protein (RFP),
whereas S. oneidensis was tagged with green fluorescent
protein (GFP). The RFP-tagged E. coli biofilm and GFP-
tagged S. oneidensis biofilm were evident on the electrode
fiber surfaces (Figures 2(a) and 2(b)). The confocal images
corroborate the importance of the biofilm in the electrical
performances with specific bacterial strains.

3.3. Mechanistic Insights of the Functional Coculture System.
The following possible mechanisms occurring in the cocul-
ture system were proposed (Figure 3). Various favourable
nutrients (represented by blue and green dots) present in the
sarcocarp can be broken down specifically by the indepen-
dent microbial oxidative actions of non-EAB (E. coli) and
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Figure 2: Overlaid brightfield and confocalmicroscopy images of stained biofilms on respective electrodes. (a)E. coli biofilm. (b) S. oneidensis
biofilm.
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Figure 3: Diagram illustrating mechanistic reactions in coculture MFCs. Black schematic depicting nonelectrochemically active microor-
ganisms, such as E. coli; red schematic depicting electrochemically active microorganisms, such as S. oneidensis; blue and green schematics
depicting energy sources most favourable for breakdown by electrochemically active and nonelectrochemically active microorganisms,
respectively.

EAB (S. oneidensis) in different stages of MFC operation
to produce bioenergy. From the electrical data (Figure 2),
it is suggested that, for significant and sustained bioenergy
production, the EAB should be introduced at a higher
concentration. This is to restrict nutrient consumption by
non-EAB. The EAB also breaks down its suitable energy
source and secretes flavins, which can be utilized by non-EAB
at a later stage to facilitate EET. Gradual decline in current
densities is due to lack of available nutrients in the closed
system (Figure 1).

4. Conclusions

In summary, we have demonstrated bioenergy generation
in MFCs by employing a natural and abundant feedstock,
coconut sarcocarp. The common EAB, S. oneidensis, and the
non-EAB, E. coli, were employed and a possible synergy was
suggested, based on the ratio of microbial species introduced
to the system. This demonstration paves the way forward for
exploration of alternative and natural energy sources using
mixed species consortia.
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A new multicylinder microchamber reactor is designed on autothermal reforming of methane for hydrogen production, and its
performance and thermal behavior, that is, based on the reaction mechanism, is numerically investigated by varying the cylinder
radius, cylinder spacing, and cylinder layout. The results show that larger cylinder radius can promote reforming reaction; the
mass fraction of methane decreased from 26% to 21% with cylinder radius from 0.25mm to 0.75mm; compact cylinder spacing
corresponds to more catalytic surface and the time to steady state is decreased from 40 s to 20 s; alteration of staggered and aligned
cylinder layout at constant inlet flow rates does not result in significant difference in reactor performance and it can be neglected.The
results provide an indication and optimize performance of reactor; it achieves higher conversion compared with other reforming
reactors.

1. Introduction

The development and application of micro-electro-mechan-
ical system (MEMS) are collecting growing attentions. The
reactor scale of order of millimeter offers a high degree of
compactness and minimises heat as well as mass transport
resistances [1], increasing effects of flame-wall interaction,
andmolecular diffusion are the major problems. Some schol-
ars demonstrate the catalytic reforming of premixed hydro-
carbon fuel and vapor to produce hydrogen. The addition of
hydrogen maintains the stable and efficient hydrocarbon fuel
combustion in microreactor.

Steam reforming of methane (SRM), an endothermic
process, is well known as the main process for hydrogen
production in industry [2]. While the partial oxidation
of methane (POM) is an exothermic process, autothermal
reforming of methane is the coupling for both. By combining
two reactions, it is possible to operate under autothermal
conditions, in which the enthalpy of SRM is balanced by that

of POM. Extensive reviews about steam reforming of hydro-
carbons discussed the conventional process; some scholars
presented themultichannel reactors (MCR), typically dimen-
sions which ranged from a few hundred micrometers to
3–5mm, proved to be more efficiently to produce hydrogen
[3–7]. A numerical method was also employed to simulate
the catalytic partial oxidation of methane [8], exergy analysis
was conducted to account for the heat recovery in waste
steam. Ávila-Neto et al. [9] proposed a simulation code
for the methane autothermal reforming where a methane
conversion of about 50% can be reached by operating in
the temperature range of 450–500∘C. Murphy et al. [10] pre-
sented a ceramic microchannel reactor that combining heat-
exchanger and catalytic-reactor functions to produce syngas;
the research achieved high methane conversion. Yan et al.
[11, 12] conducted numerical analysis of hydrogen-assisted
catalytic combustion of methane; the effect of hydrogen
addition on combustion of preheated mixtures of methane-
hydrogen-air in amicrocombustorwas investigated including
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an elementary-step surface reaction mechanism. In previous
works [13, 14], the activity of Ni-Al

2
O
3
and Ni-MgO catalyst

was tested for methane steam reforming using two different
reaction systems and the highest reaction rates were found
with monolith configuration. Besides, researches on several
kinds of catalyst had also been carried out and the catalysts
based on Ni, Rh, and Pt on various supports had been widely
tested [15–17].

The above researches are mostly concerned with the
chemical mechanism and theory of the reforming reaction. It
demonstrated that the multicylinder affects the performance
of reaction; in ourworkwe simulate the reforming reaction in
amicrochamber reactor and carry out parametric studies that
can provide guidance for practical application and similar
reactor design.

2. Numerical Simulation

2.1. Description of Reacting System. The reaction system
considered in this work is the endothermic steam reforming
of methane and methane catalytic combustion taking place
in a microchamber with multicylinder inside. The main
chemical reactions involved in the process are

methane steam reforming:

CH
4
+H
2
O←→ CO + 3H

2
, Δ𝐻 = +206.1 kJ/mol,

(1)

methane partial oxidation:

CH
4
+ 0.5O

2
←→ CO + 2H

2
, Δ𝐻 = −35.2 kJ/mol,

(2)

methane autothermal reforming:

CH
4
+ 0.5O

2
←→ CO + 2H

2
, Δ𝐻 = −35.2 kJ/mol,

(3)

CH
4
+H
2
O←→ CO + 3H

2
, Δ𝐻 = +206.1 kJ/mol.

(4)

In this study, steam reforming of methane and partial
oxidation of methane are coupled and the overall process is
endothermic. Figure 1 presents schematically the structure
of the microchamber reactor: the mixed gas flow into the
microchamber (length 15mm, width 5mm, and height about
3mm) at inlet; two rows and five columns of cylinders (height
2.5mm, radius and spacing various from 0.25mm ∼ 0.75mm
and 0.7mm ∼ 1.1mm), covered with Ni-based catalyst, are
placed to adjust the performance and thermal behavior of
reactor.

The mechanism of reforming reaction with methane,
steam, and oxygen over Ni catalyst dominates the reaction
in microchamber reactor. The inner flow field is calculated
according to following fundamental assumptions: steady
state is considered for reactor operation; fully developed
laminar flow is employed in microchamber reactor; the
flow is incompressible and the gravitational influence is

Table 1: The basic operating parameters.

Inlet flow rate
of mixed
gas/(m⋅s−1)

Inlet
temperature of
mixed gas/(K)

Temperature
of catalytic
surface/(K)

Mole ratio
(H : C :O)

0.005 300 1190 2 : 1 : 0.4

Table 2: Grid division in microchamber and methane conversion.

Interval size/(mm) 0.3 0.4 0.5 0.6
Methane conversion 99.57% 99.29% 99.14% 98.74%

neglected; the walls within the chamber are catalytic surface
and in constant temperature; the effect of volume force and
dissipation function is neglected; no phase change occurred
fromgas to liquid phases; the basic operating parameters used
in this paper are given in Table 1.

In the present work, analysis on methane autothermal
reforming has been carried out to assess the performance of
themicrochamber reactor by varying the structural variables.
In particular, results including methane conversion andmass
fraction of methane/hydrogen have been studied.

2.2. Mesh Generation. A three-dimensional model of
microchamber reactor with 1 : 1 proportions is built using
the CFD preprocessing software GAMBIT, which is used
for the three-dimensional flow passage and grid generation.
FLUENT is based on the finite volume method and used to
conduct the full passage numerical simulations.

The solution domain is divided into limited control
volumes by grids. Thus grid generation has a great influence
on the calculation accuracy and stability. A grid-independent
study confirmed that grids provided sufficient grid indepen-
dency. The grid independence is examined with 0.3, 0.4, 0.5,
and 0.6mm of interval size, respectively. As given in Table 2,
the accuracy of the calculation is confirmed as the difference
of methane conversion is 0.8% with interval size of 0.3mm
and 0.6mm; thus, the interval size of 0.3mm is adopted.
To improve the computing accuracy, the mesh consisting of
48638 hybrid forms of triangular and hexahedral elements is
adopted with special care for meshing around cylinders, as
shown in Figure 2. In addition, grid point distributions near
the catalytic surface (surface of cylinders and walls) are fined
for accuracy.

The simulation carried out in the Fluent 6.3 environment
and is integrated with Chemkin programs including mecha-
nism of multiple reactions of methane, steam, and oxygen on
Ni catalyst.

2.3. Governing Equations. To describe the reaction process
of the methane, water vapor and the oxygen, the governing
equations are given by

continuous equation:

𝜕𝜌

𝜕𝑡

+

𝜕

𝜕𝑥
𝑖

(𝜌𝑢
𝑖
) = 0 (5)
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component equation:

𝜕

𝜕𝑡

(𝜌𝑌
𝑖
) + ∇ (𝜌 ⃗𝑢𝑌

𝑖
) = −∇ ⃗𝐽

𝑖
+ 𝑅
𝑖

(6)

momentum equation:

𝑑 (𝜌𝑉)

𝑑𝑡

= −grad𝑝 + ∇2 (𝜇𝑉) (7)

energy equation:

𝜌

𝐷ℎ

𝐷𝑡

−

𝜕𝑝

𝜕𝑡

=

𝜕

𝜕𝑥
𝑖

(𝜆

𝜕𝑇

𝜕𝑥
𝑗

) +

𝜕

𝜕𝑥
𝑗

(∑

𝑖

𝐷𝜌

𝜕𝑌
𝑖

𝜕𝑥
𝑗

ℎ
𝑖
) + 𝑞 (8)

gas state equation:

𝑝 = 𝜌𝑅𝑇∑

𝑌
𝑖

𝑀
𝑖

. (9)

In (7), (8), and (9), the variable 𝑝 is pressure; 𝑇 is
temperature; 𝜌 is the density; 𝑞 in (8) is the heat; ℎ is the
enthalpy; 𝜆 is the thermal conductivity; 𝑢 is the flow rate; 𝜇 in
(7) is the dynamic viscosity; 𝑅 in (6), (9) is the gas constant;
𝑌
𝑖
is the mass fraction of the component 𝑖 and ∑𝑌

𝑖
= 1; 𝐽

𝑖

in (6) is the diffusion flux of component 𝑖, which is caused by
the concentration gradient and can be calculated by

𝐽
𝑖
= −𝜌𝐷

𝑖
∇𝑌
𝑖
, (10)

where the variable 𝐷
𝑖
is the diffusion coefficient of the

component 𝑖 in the mixture.

Arrhenius equation is used to calculate chemical source
term for laminar finite rate model, 𝑅

𝑖
in (11) is the net

production rate of reaction 𝑖, which can be calculated by
a sum of Arrhenius reaction source term in 𝑁

𝑟
chemical

reactions

𝑅
𝑖
= 𝑀
𝑖

𝑁
𝑟

∑

𝑖=1

∧

𝑅𝑖,𝑟
, (11)

where𝑀
𝑖
is the molecular weight of the material 𝑖 and

∧

𝑅𝑖,𝑟
in

(11) is the generation or decomposition rate of material 𝑖 in
the formula 𝑟and is given by

∧

𝑅𝑖,𝑟
= Γ (V

𝑖,𝑟
− V
𝑖,𝑟
)

{

{

{

𝑘
𝑓,𝑟

𝑁
𝑟

∏

𝑗=1

[𝐶
𝑗,𝑟
] 𝜂


𝑗,𝑟
− 𝑘
𝑏,𝑟

𝑁
𝑟

∏

𝑗=1

[𝐶
𝑗,𝑟
] 𝜂


𝑗,𝑟

}

}

}

,

(12)

where Γ is the net effect of the third substance on the reaction
rate; V

𝑖,𝑟
is the stoichiometric coefficient of reactant 𝑖 in

reaction 𝑟; V
𝑖,𝑟
is the stoichiometric coefficient of resultant 𝑖 in

reaction 𝑟; 𝑘
𝑓,𝑟

is the forward reaction rate in reaction 𝑟; 𝑘
𝑏,𝑟

is the backward reaction rate in reaction 𝑟; 𝜂
𝑗,𝑟

is the forward
reaction speed index of each reactant or product 𝑗 in reaction
𝑟; 𝜂
𝑗,𝑟

is the backward reaction speed index of each reactant
or product 𝑗 in reaction 𝑟; 𝐶

𝑗,𝑟
is the molar concentration of

each reactant or product 𝑗 in reaction 𝑟.

3. Results and Discussion

3.1. Effect of Cylinder Radius. It identified that the location
of the catalytic cylinders placed in microchamber may offer
a degree of flexibility to adjust the temperature profile and
prevent the detrimental reverse reaction in the endothermic
side, avoiding at the same time severe hot spots [18]. The
reactor performance with cylinder radius of 0.25, 0.50, and
0.75mm are explored and the operating parameters are
shown in Table 3.

The numerical analysis has been carried out in order
to verify the effect of cylinder radius (0.25mm, 0.50mm,
and 0.75mm) on reforming reaction. As shown in Figure 3,
the mass fraction of methane decreases from 26% to 21%
with cylinder radius of 0.75mm at 3 s, while cylinder radius
of 0.50mm and 0.25mm decreases to 23.5% and 25.3%,
indicating that larger cylinder radius (from 0.25mm to
0.75mm) promotes the reactor performance. The methane
conversion with different cylinder radius generally achieves
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Table 3: Operating parameters with different cylinder radius.

Number Radius/(mm) Inlet flow rate/(m⋅s−1) Mole ratio
(H : C :O) Wall temperature/(K) Cylinder spacing/(mm) Cylinder layout

1 0.25 0.005 2 : 1 : 0.4 1190 0.9 Aligned
2 0.50 0.005 2 : 1 : 0.4 1190 0.9 Aligned
3 0.75 0.005 2 : 1 : 0.4 1190 0.9 Aligned
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Figure 3: Mass fraction of methane along sectional position with
cylinder radius of 0.25mm (◼), 0.50mm (e), and 0.75mm () at
reaction time of 3 s.

Table 4: Mass fraction of hydrogen and methane conversion with
different cylinder radius.

Radius/(mm) 0.25 0.5 0.75
Methane conversion 99.37% 99.49% 99.74%
Mass fraction of hydrogen 9.26% 9.38% 9.33%

97% (see Figure 4) with operating temperature of 1190K,
higher than the conventional research [8, 19], partially due to
the adjusted temperature profile and reaction heat flux caused
by catalytic cylinders. Larger cylinder radius corresponds to
more catalytic surface and the time to steady state reaction is
decreased from 50 s to 30 s. Hence, expanding the cylinder
radius is one option to improve reforming performance,
subject to limited physical size of micro-chamber reactor.

As shown in Figures 5(a) and 5(b), it can be seen that
larger cylinder radius typically increased hydrogen yield.
Particularly at sectional position of 3mm, the mass fraction
of hydrogen with cylinder radius of 0.75mm is 2% higher
than that of 0.25mm, the mass fraction of methane with
cylinder radius of 0.25mm is 7% higher than that of 0.75mm,
indicating that larger cylinder radius results in increase of
conversion mainly due to more efficient heat transfer. Rather
small differences in mass fraction of methane and hydrogen
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Figure 4: Methane conversion with cylinder radius of 0.25mm (◼),
0.50mm (e), and 0.75mm () for different reaction time.

are observed after 8mm in steady state. The methane con-
version and mass fraction of hydrogen with different radius
are reported in Table 4, the effect of cylinder radius can be
neglected in steady state. Thus the alteration of the cylinder
radius does not affect significantly the outlet conversion
and outlet reactor performance, partially for that reactant
molecules have enough time to reach the wall before they exit
the reactor [18].

3.2. Effect of Cylinder Spacing. The study has been carried
out in order to verify the effect of cylinder spacing. The
cylinder spacing is concerned with catalyst loading and flow
field distribution in microchamber, turbulent flow and hot
spots occurs when not properly designed [18]. The spacing
of catalytic cylinders are 0.7, 0.9, and 1.1mm, respectively,
all other parameters are kept in constant and presented in
Table 5.

Figures 6(a) and 6(b) show results of a series of numerical
simulations. Mass fraction of methane with cylinder spacing
of 0.7, 0.9, and 1.1mm are plotted on sectional position
along reactor length at reaction time of 5 s and 25 s. Mass
fraction of methane generally decreases from 26% to 16%
(see Figure 6(a)) and coincides at 3mm (reaction time of
5 s). After that methane mass fraction with cylinder spacing
of 0.7mm decreases from 16% to 7%, while the spacing of
0.9mm and 1.1mm moves downstream to 14% and 10%, this
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Figure 5: Mass fraction of (a) methane and (b) hydrogen along sectional position with cylinder radius of 0.25mm (◼), 0.50mm (e), and
0.75mm () in steady state.

0 2 4 6 8 10 12 14 16

Sectional position (mm)

5

10

20

30

15

25

M
as

s f
ra

ct
io

n 
of

 m
et

ha
ne

 (%
)

d = 0.7mm
d = 0.9mm
d = 1.1mm

(a)

0 2 4 6 8 10 12 14 16

Sectional position (mm)

d = 0.7mm
d = 0.9mm
d = 1.1mm

0

5

10

20

30

15

25

M
as

s f
ra

ct
io

n 
of

 m
et

ha
ne

 (%
)

(b)

Figure 6: Mass fraction of methane along sectional position with cylinder spacing of 0.7mm (◼), 0.9mm (e), and 1.1mm () at reaction
time of 5 s (a) and 25 s (b).

Table 5: Operating parameters with different cylinder spacing.

Number Cylinder spacing/(mm) Inlet flow rate/(m⋅s−1) Mole ratio
(H : C :O) Wall temperature/(K) Radius/(mm) Cylinder layout

1 0.7 0.005 2 : 1 : 0.4 1190 0.75 Aligned
2 0.9 0.005 2 : 1 : 0.4 1190 0.75 Aligned
3 1.1 0.005 2 : 1 : 0.4 1190 0.75 Aligned



6 The Scientific World Journal

Table 6: Operating parameters with different cylinder layout.

Number Cylinder layout Inlet flow rate/(m⋅s−1) Mole ratio
(H : C :O) Wall temperature/(K) Radius/(mm) Cylinder spacing/(mm)

1 Aligned 0.005 2 : 1 : 0.4 1190 0.75 0.7
2 Staggered 0.005 2 : 1 : 0.4 1190 0.75 0.7
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Figure 7: Methane conversion along sectional position with cylin-
der spacing of 0.7mm (◼), 0.9mm (e), and 1.1mm () in steady
state.

Table 7: The finalized structure of microchamber.

Cylinder radius/(mm) Cylinder spacing/(mm) Cylinder layout
0.75 0.7 Aligned

indicates that a decrease in cylinder spacing (from 1.1mm to
0.7mm) promotes the reactor performance at outlet section.
As a contrast, the same alteration of cylinder spacing is made
andmass fraction of methane is approaching at reaction time
of 25 s (see Figure 6(b)), partially due to fully developed and
adjusted flow field and temperature profile, thus rather small
differences are observed after 3mm.

As shown in Figure 7, alteration of cylinder spacing
leads to no significant difference in steady state. It illustrates
that the spacing of cylinders has no significant effect on
the final state of reaction. The present work achieves a
methane conversion of 95% (see Figure 7); it generally higher
than improved performance of 91% and 93% conversion in
previous experimental research [20, 21] (inlet flow rate 0.75
and 2; temperature of feed 873K and 943K), partially due to
higher operating temperature. As shown in Figure 8, larger
cylinder spacing results in higher conversion and the time
to steady state is decreased (from 40 s to 20 s). The cylinder
spacing is concernedwith catalyst loading andmore reactants
contact catalytic surface with compact cylinder spacing. The
methane conversion of cylinder spacing varied in Figure 8
approaches in steady state, indicating that the parameter
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Figure 8: Methane conversion with cylinder spacing of 0.7mm (◼),
0.9mm (e), and 1.1mm () for different reaction time.

is unlikely to optimize performance for the steady state
reaction. The result also shows that operating temperature
is the major factor limiting reforming performance; thus, a
cooler reactor leads to lower final conversions.

3.3. Effect of Cylinder Layout. The arrangement of cylinders
is separated with aligned and staggered layout. The reactor
behavior and performance are studied for different cylinder
layout and all other parameters shown in Table 6 are kept at
constant value.

Mass fraction of hydrogen and methane along sectional
position with aligned and staggered layout at reaction time
of 25 s is illustrated in Figures 9(a) and 9(b). It indicates
a small benefit of staggered layout, since the mass fraction
of hydrogen is generally higher in staggered arrangement
before 6mm. As a contrast, the mass fraction of methane is
higher in aligned arrangement and after that no significant
differences are observed. Methane partial oxidation reaction,
an exothermic process, dominates the reaction initially and
the staggered arrangement enhances heat transfer and the
turbulence intensity.

Methane and hydrogen conversion with staggered and
aligned cylinder layout are illustrated in Figures 10(a) and
10(b); rather small differences with staggered and aligned
cylinder layout are observed, indicating that the influence of
cylinder layout for the overall reaction is negligible, despite



The Scientific World Journal 7

0 2 4 6 8 10 12 14 16

Sectional position (mm)

0

2

4

8

6

10
M

as
s f

ra
ct

io
n 

of
 h

yd
ro

ge
n 

(%
)

Aligned
Staggered

(a)

0 2 4 6 8 10 12 14 16

Sectional position (mm)

0

5

10

20

30

15

25

M
as

s f
ra

ct
io

n 
of

 m
et

ha
ne

 (%
)

Aligned
Staggered

(b)

Figure 9: Mass fraction of (a) hydrogen and (b) methane along sectional position with aligned (◼) and staggered () layout of cylinder:
reaction time 𝑡

𝑟
= 25 s.
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Figure 10: (a) Methane and (b) hydrogen conversion with aligned (◼) and staggered () layout of cylinder for different reaction time.

the fact that the choice of aligned arrangement can reduce
wear and tear on cylinders.

As shown in Table 7, the finalized structural parameters
of cylinders in microchamber derived with cylinder radius of
0.75mm, cylinder spacing of 0.7mm, and aligned layout.The
optimized parameters of the microchamber reactor provide
guidance for its application and similar reactor design.

4. Conclusions

The performance of the reforming reaction was investi-
gated by varying the cylinders covered with Ni catalysts in

microchamber. It was concluded that larger cylinder radius
resulted in more catalytic surface area and therefore it
reduced the mass fraction of methane from 26% to 21%,
while such effect was neglected for steady state reaction.
The methane conversion with different cylinder radius gen-
erally achieves 97%. Smaller cylinder spacing enhanced the
turbulence intensity and promoted the efficiency of heat
transfer. Thus the reaction was fully developed and the time
required to reach the steady state was decreased from 40 s
to 20 s. At constant inlet flow rates, alteration of cylinder
layout for staggered and aligned did not introduce significant
differences in reactor performance. Staggered layout could
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partially enhance the methane conversion and hydrogen
yield. While the promotion was insignificant after 6mm and
thus the effect of cylinder layout was negligible.

The results indicate that autothermal reforming of
methane in microchamber was affected by catalytic cylinders
inside and it should be properly designed; the optimized
microchamber reactor with cylinder radius of 0.75mm,
cylinder spacing of 0.7mm, and aligned layout was derived.

Nomenclature

Variables

𝐶
𝑗,𝑟
: The molar concentration of each reactant
or product 𝑗 in reaction 𝑟 (−)

𝐷
𝑖
: Diffusion coefficient of component 𝐼 (m2

s−1)
ℎ: Enthalpy (kJ kg−1)
𝐽: Diffusion flux (mol m−2 s−1)
𝑘
𝑓,𝑟
: Forward reaction rate in reaction r (−)

𝑘
𝑏,𝑟
: Backward reaction rate in reaction 𝑟 (−)

𝑀: Relative molecular mass (−)
𝑃: Pressure (Pa)
𝑞: Heat (kJ)
𝑅: Universal gas constant = 8.314 (J

mol−1K−1)
𝑅
𝑖
: Net production rate of reaction 𝑖 (mol m−3

s−1)
𝑡: Time (s)
𝑇: Temperature (K)
𝑢: Flowrate (m s−1)
V
𝑖,𝑟
: The stoichiometric coefficient of reactant 𝑖
in reaction 𝑟 (−)

𝑉


𝑖,𝑟
: The stoichiometric coefficient of resultant
𝑖 in reaction 𝑟 (−)

𝑌: Mass fraction (%).

Greek Letters

𝜂: Efficiency (%)
𝜂


𝑖,𝑟
: The forward reaction speed index of each
reactant or product 𝑗 in reaction 𝑟 (−)

𝜂


𝑖,𝑟
: The backward reaction speed index of
each reactant or product 𝑗 in reaction 𝑟 (−)

𝜌: Density (kg m−3)
∇: Gradient operator (−)
𝜆: Thermal conductivity (W m−1 k−1)
𝜇: Dynamic viscosity (N s m−2)
Γ: Index of the third substance on the

reaction rate (−).
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A pyrolysis of compost for the production of syngas with an explicit H
2
/CO = 2 or H

2
/CO = 3 was investigated in this study.

The composts were obtained from nonhybrid (perennial) grasses (NHG) and hybrid (perennial) grasses (HG). Discrepancies in H
2

evolution profiles were found betweenNHG andHG composts. In addition, positive correlations for NHG composts were obtained
between (i) H

2
yield and lignin content, (ii) H

2
yield and potassium content, and (iii) CO yield and cellulose content. All composts

resulted in H
2
/CO = 2 and five of the nine composts resulted in H

2
/CO = 3. Exceptionally large higher heating values (HHVs) of

pyrolysis gas, very close to HHVs of feedstock, were obtained for composts made frommountain brome (MB, 16.23MJ/kg), hybrid
Becva (FB, 16.45MJ/kg), and tall fescue (TF, 17.43MJ/kg). The MB and FB composts resulted in the highest syngas formation with
H
2
/CO = 2, whereas TF compost resulted in the highest syngas formation with H

2
/CO = 3.

1. Introduction

The pressing demands for greater generation of energy at a
lower cost, associated with a diminution of greenhouse gases
(GHG) emission, have compelled researchers to expand their
search for an energy source outside conventional and primary
energy sources, such as fossil fuels. This pursuit is facilitated
by the utilization of renewable energy sources and based on
Directive 2001/77/EC of the European Parliament that must
consist of 13% of the total energy consumption by 2020 in the
Czech Republic [1]. Biomass, specifically energy crops, is of
particular interest among these renewable energy resources.
It has been predicted that by 2050 energy crops will have the
potential to supply around 200–400 EJ/year at a competitive
cost [2], and up to 161 EJ/year of the 200–400 EJ/year range
will come from projected surplus cropland and grassing areas
[3].The competitive costs are based upon the incentivesmade

available through the scheme for energy crops according to
the Article 88 of Regulation (EC) No. 1782/2003 [4]. The
preference of energy crops over other types of biomass for
energy generation is due to their (i) higher productivity, (ii)
lower investment cost, (iii) low environmental maintenance,
(iv) short time between plantation and harvesting, and (v)
high energy values [5–7]. Another reason for which energy
crops, in particular grasses, are being considered as a source
of energy is the overproduction of grass and/or hay from
permanent grasslands. This overproduction is a result of a
diminution of livestock. According to the Czech Statistical
Office, the land used for agriculture reached 959,131 ha with
harvest of 3.22 t/ha in 2012 [8]. Comparatively, livestock
numbers decreased since 1990 by 60.78% for cattle and
66.74% for pigs reaching 1375 cattle and 1593 pigs in 2012 [9].
Therefore, it is necessary to find an appropriate technology to
manage and utilize the excess of grass.
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The number of technologies available to convert biomass
to energy has developed greatly in recent years and they are
focused in general on production of synthesis gas (syngas)
[10, 11]. Syngas which is a mixture of hydrogen (H

2
) and

carbon monoxide (CO) can then be directly converted to
energy through combustion or to a variety of fuels: (i)
liquid hydrocarbons frommethanol, (ii) liquid hydrocarbons
through Fischer-Tropsch synthesis, and (iii) synthetic natural
gas (SNG) [11, 12].The selective conversion of syngas to liquid
hydrocarbons or SNG requires, however, specific ratios of H

2

to CO in the amount of 2 or 3, respectively [12]. Obtaining
those explicit values is not a straightforward task as the yields
of produced noncondensable gases depend on several factors
such as raw material composition and operating conditions
of the converting process [13–15].

Twomethods in particular have been reported in the liter-
ature that convert biomass to syngas, namely, gasification and
pyrolysis. Gasification is a thermochemical method which
converts a variety of biomass in an oxygen environment.
Typical reactions involved in any gasification process are the
reactions using oxygen (O

2
) (combustion) represented by (1)

and (2), the reverse Boudouard reaction represented by (3),
the water-gas reaction represented by (4), and the water-gas
shift (WGS) reaction represented by (5) [16, 17]:

Partial oxidation :

2C +O
2
→ 2CO Δ𝐻0

𝑟
= −222 kJ/mol

(1)

Oxidation of carbon :

C +O
2
→ CO

2
Δ𝐻
0

𝑟
= −394 kJ/mol

(2)

Revers Boudouard reaction :

C + CO
2
→ 2CO Δ𝐻0

𝑟
= 173 kJ/mol

(3)

Water-gas reaction :

C +H
2
O → CO +H

2
Δ𝐻
0

𝑟
= 131 kJ/mol

(4)

Water-gas shift reaction :

CO +H
2
O → CO

2
+H
2
Δ𝐻
0

𝑟
= −41 kJ/mol

(5)

As a consequence of these reactions, a wide range of H
2
/CO

ratios (0.45–2) are obtained [18]. Pyrolysis on the other hand
is a process in which biomass undergoes thermal degra-
dation in an oxygen-free atmosphere. The final products
are pyrolysis solid, liquid, and gas containing mainly CO,
carbon dioxide (CO

2
), H
2
, and lower hydrocarbons (C

1
–C
3
).

The remaining reactions involved in the process apart from
previously mentioned reactions (3), (4), and (5) are the
following [19]:
Steam reforming of methane :

CH
4
+H
2
O → CO + 3H

2
Δ𝐻
0

𝑟
= 206 kJ/mol

(6)

Steam reforming of tar :

C
𝑛
H
𝑚
O
𝑝
+ (2𝑛 − 𝑝)H

2
O

→ 𝑛CO
2
+ (1/2𝑚 + 2𝑛 − 𝑝)H

2
Δ𝐻
0

𝑟
≥ 0 kJ/mol

(7)

Thermal cracking :

C
𝑛
H
𝑚
→ C

𝑛−𝑥
O
𝑚−𝑦
+H
2
+ CH

4
+ C Δ𝐻0

𝑟
≥ 0 kJ/mol

(8)

Methanation :

C + 2H
2
→ CH

4
Δ𝐻
0

𝑟
= −75 kJ/mol

(9)

The obtained H
2
/CO ratios are dependent on pyrolysis

temperature and increase as the latter increases [15, 20–22].
Their values are, however, somewhat lower (i.e., 0.1–1.42 in
the 500–1000∘Crange)when compared to the values obtained
from biomass gasification [15, 20, 22]. In addition, in order to
make syngas suitable for commercial application (i.e., reduce
economic investment and improve its quality (obtain an
appropriate H

2
/CO ratio, ipso facto increase H

2
formation)),

the obtained gas mixture needs to be cleaned and processed
[18, 23]. These requirements can be avoided or minimized by
pretreatments of biomass raw material such as composting
[10, 24].

Composting is a naturally occurring, biological decom-
position process in which bacteria, fungi, and other microor-
ganisms break down the organic matter into a more stable
form called compost [10, 24, 25]. The process occurs in
two stages. The first stage (i.e., organic matter degradation)
results in the formation of CO

2
, NH
3
, H
2
O, saccharides, and

humic substances (fulvic and humic acids) with emission
of heat [23, 26]. The second stage involves the maturation
and stabilization of formed material [26]. As a result of
both stages, the newly formed organic matter has a different
chemical composition, ipso facto thermal behavior [10, 23,
24, 27]. Composting reduces the content of two of the major
biomass components, namely, cellulose and hemicellulose,
while increasing the content of lignin [10, 23, 24]. These
changes are of particular importance, since lignin is the com-
ponent responsible for the highest H

2
and CH

4
formation,

hemicellulose is responsible for the highest CO
2
emission,

and cellulose is responsible for the highest CO release [28–
31]. Yang et al. [29] examined pyrolysis characteristics of
lignin, cellulose, and hemicellulose and concluded that the
main source of H

2
release was lignin. Lignin resulted in four

times more emission of H
2
than cellulose and three times

more than hemicellulose [29]. Similar results were obtained
by Barneto et al. [31] who extended the investigation of H

2

origin and reported that althoughmost of H
2
is emitted from

thermal degradation of lignin, three timesmoreH
2
is released

from charring than from volatilization of lignin. In addition,
hemicellulose is the least stable from the three biochemical
components and, therefore, reacts at the lowest temperatures,
followed by cellulose and lignin [32]. Consequently, the
changes in the chemical composition due to composting
result in the changes in pyrolysis gaseous products. That is,
a mixture of H

2
and CO becomes the primary product, not

a mixture of CO
2
and CO which are the major products of

biomass pyrolysis [21, 28]. For this reason also, the composts
obtained from perennial grasses rather than grasses alone are
considered as a feedstock for pyrolysis experiments in this
research.



The Scientific World Journal 3

Table 1: Names and abbreviations of composts.

Grass type Grass name Compost abbreviation

Nonhybrid

Redtop-Rožnovský (Agrostis gigantea Roth) R
Reed canary grass-Chrastava (Phalaris arundinacea L.) RC

Tall fescue-Kora (Festuca arundinacea Schreb.) TF
Tall oat grass-Rožnovský (Arrhenatherum elatius L.) TO

Mountain brome-Tacit (Bromus marginatus Nees ex Steud.) MB
Mixture of clover (Trifolium pratense) MC

Hybrid
Festulolium Perun FP
Festulolium Becva FB
Festulolium Lofa FL

Table 2: Proximate and ultimate analyses of composts.

Compost Ultimate analysis (wt%)a,b Proximate analysis (wt%) HHV (MJ/kg)
C N H Oc Moistured Volatile mattera Asha Fixed carbona,c

R 47.24 0.91 6.6 45.25 4.54 74.88 09.83 15.29 17.45
RC 46.43 0.49 6.88 46.2 6.29 76.02 07.6 16.38 17.61
TF 46.39 0.56 7.09 45.97 4.38 74.17 10.3 15.53 17.3
TO 48.84 1.11 6.7 43.34 5.66 72.3 12.72 14.98 17.53
MB 47.9 0.59 7.14 44.37 5.87 73.1 11.42 15.48 17.21
MC 44.43 0.96 5.93 48.68 5.23 71.98 13.3 14.72 16.69
FP 46.5 0.83 6.6 46.07 6.12 73.29 10.52 16.19 18.29
FB 44.64 0.64 6.42 48.3 5.5 75.73 07.95 16.32 18.11
FL 48.11 0.77 6.52 44.6 5.68 74.26 08.94 16.8 18.21
aDry basis.
bAsh free.
cCalculated by difference.
dAs received.

The purpose of this study was to compare the composi-
tion, yields, and evolution of gaseous products from pyrolysis
of nine composts. The examined composts were obtained
from two types of perennial grasses: nonhybrid and hybrid.
The main objective was selective formation of syngas with an
explicit H

2
/CO ratio in the amount of 2 : 1 or 3 : 1.

2. Materials and Methods

2.1. Materials. Nine composts made from perennial grasses
(six nonhybrid grasses (NHG) and three hybrid grasses
(HG)) were investigated in this study. The grass crops were
obtained from OSEVA PRO s.r.o., Grass Research Institute,
Rožnov-Zubř́ı, CZ. The names and abbreviation of the com-
posts examined are displayed in Table 1.

2.2. Composting. The composting experiments were car-
ried out at the Institute of Geological Engineering, VŠB-
Technical University of Ostrava (VŠB-TU Ostrava), CZ. The
nine perennial grasses were finely chopped (<2 cm) and
mechanically mixed with sawdust and soil in the ratio of
4 : 2 : 1 in order to obtain the appropriate C/N ratio. The
composting of each blend (perennial grass, sawdust, and soil)
was conducted in amicrocomposter (NM125, NatureMill) for

10 days, whereas the maturation of composts was carried out
for 14 days.

2.3. Chemical Characterization of Composts. All nine com-
posts were subjected to proximate and ultimate analyses.
The following standard test methods were applied: CSN EN
15402 (volatile matter), CSN EN 15403 (ash), CSN EN 15104
(carbon (C), nitrogen (N), and hydrogen (H)), and CSN EN
15400 (higher heating value (HHV)).The summarized results
are presented in Table 2. The biochemical components were
determined according to the CSNEN ISO 13906 standard test
method (lignin) and themethoddescribed byKač́ık and Solár
[33] (cellulose and hemicellulose). Humic acids (HA) and
fulvic acids (FA) were extracted from composts according to
the method described by Swift [34]. In addition, analysis of
water-soluble alkali was conducted according to the EN 15105
standard test method. The summarized results are shown in
Table 3.

2.4. Pyrolysis Experiments. The pyrolysis experiments were
conducted in a stainless steel fixed bed reactor equipped with
an electric heater (Parr). The temperature of the heater was
controlled by a temperature controller (Parr, 4836 controller),
while the reaction temperature was monitored by a K-
type thermocouple. The experiments were carried out in
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Table 3: Biochemical components, humic to fulvic acids ratio, and water-soluble alkali contents of composts.

Compost Lignin (wt%) Cellulose (wt%) Hemicellulose (wt%) HA/FA Na (mg/g) K (g/kg)
R 37.47 43.07 19.07 2.63 1.4 7.76
RC 34.04 51.71 02.51 2.57 4.92 3.44
TF 36.27 51.49 06.99 2.58 1.16 4.71
TO 38.2 46.2 17.92 3.13 1.51 7.7
MB 30.48 55.41 05.98 2.58 2.09 3.93
MC 38.24 43.62 09.07 3.12 3.01 7.76
FP 34.66 54.75 07.18 2.87 4.42 7.86
FB 36.54 53.47 07.78 2.58 1.35 2.87
FL 34.75 50.28 05.77 2.57 1.12 6.7

Nitrogen

Reactor

Sample

Pressure regulator
Temperature controller

Electric heater

Quartz wool

Mass-flow controller

Dewar flask

Dry ice

Gas microchromatograph PC

Helium

Pressure regulator

Pressure gauge

Figure 1: Experimental setup.

N
2
atmosphere and the flow of gas was controlled by a

mass- flow controller (SIERRA C100 Serie, Smart-Trak). The
experimental setup is presented in Figure 1. For all pyrolysis
experiments, 0.5 g of compost was loaded into the reactor
and heated to a final temperature of 700∘C. The flow of
N
2
was maintained at 20 smL/min for all experiments. The

experiments were considered completed when N
2
was the

only gas detected by online gas chromatography (GC).

2.5. Analysis of Gas Product. The noncondensable pyrolysis
product was analyzed by online 2-channel GC (Agilent 3000)
equipped with thermal conductivity detectors. The channels
were equipped with the following columns: Molsieve for
separation of H

2
, N
2
, CO, and CH

4
and PLOT U for

separation of CO
2
, C
2
, and C

3
.

2.6. Statistical Analysis. The relationships between compo-
nents of chemical analyses and pyrolysis gaseous products
yields were tested by bivariate correlation analysis, specifi-
cally Pearson’s correlations. SPSS 17 statistical software was
applied.

3. Results and Discussion

3.1. Gas Yield and Evolution. The yield of gaseous products
obtained from pyrolysis of NHG and HG composts referred
to as a gram of compost used is presented in Figure 2. The
highest yield of pyrolysis gaseous products amongNHGcom-
posts (328.81mL/g, also the highest yield among all composts
pyrolyzed) was obtained for RC compost, whereas the lowest
yield of pyrolysis gaseous products (281.74mL/g) among
NHG composts was obtained for MC compost. The highest
pyrolysis gas yield among HG composts was obtained for
FL compost (286.41mL/g), whereas the lowest pyrolysis gas
yield was obtained for FP compost (251.77mL/g) which also
exhibited the lowest gas yield among all composts examined.
The yield of pyrolysis gas decreased in the following order:
RC > R > TF > TO > MB > MC for composts made from
nonhybrid grasses and FL > FB > FP for compostsmade from
hybrid grasses.

Figure 3 shows the evolution profiles of released pyrolysis
gas as a function of temperature. Figure 3(a) presents the
evolution profiles of gas released during pyrolysis of NHG
composts, while Figure 3(b) shows the evolution profiles of
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Figure 2: Total gas yield of composts.

gas released during pyrolysis of HG composts. The emission
of noncondensable pyrolysis gases at temperature below
500∘C is related inmajority to degradation of the biochemical
structures of compost as well as humic substances formed
during the composting process [21, 23, 35, 36], whereas the
release of gases at temperature >500∘C is likely associated
with secondary reactions of char formed from biochemical
components or humic substances [21, 23, 28, 35, 36]. In
general, pyrolysis gases began to release at 170∘C for all
compost samples examined which is equivalent to the
beginning of thermal degradation of hemicellulosic fraction
[23]. The distinction was only observed for the pyrolysis
experiment conducted on compost made from hybrid
grass (FB) for which a beginning of gas evolution at 247∘C
was observed. Apart from TO compost which exhibited a
three-stage evolution profile (three peaks were observed),
all composts investigated resulted in two-stage evolution
profiles (two peaks were observed). The composts made
from nonhybrid grasses exhibited the maximum of the
first peak at temperature range of 315–430∘C which is a
typical temperature range of thermal degradation of cellulose
fraction [29, 30, 37]. The maximum of the second peak was
observed at 472∘C for TF compost, 508∘C for R, RC, and
MC composts, and 539∘C for TO and MB composts and can
be mainly attributed to thermal degradation of lignin and
secondary reactions of chars and liquids [23, 29, 30, 37]. The
third peak observed for TO compost was detected at 588∘C
and is also likely due to thermal degradation of lignin and
secondary reactions of chars and liquids [23, 29, 30, 37]. As
previously mentioned, composts made from hybrid grasses
resulted in two-stage gas evolution profiles as well, although
more noticeable shifts in the peaks maximumwere observed.
Specifically, a shift from maximum at 315∘C to maximum at
377∘Cwas observed for FP, FB, and FL composts, respectively,
and a shift from maximum at 430∘C to maximum at 472∘C
and to maximum at 539∘C for the second peak was observed
for FP, FL, and FB composts, correspondingly. The change of
peaks maximum noted for the FB composts is likely due to
the delay of starting point of pyrolysis gas release.

3.2. Pyrolysis Gas Composition. The yields of major pyrolysis
gaseous products (H

2
, CO
2
, CO, and CH

4
) from grass

composts are presented in Figure 4. Other products such as
short-chain hydrocarbons (i.e., C

2
and C

3
) were also detected

but in sizably lower amounts (less than 1 vol%) and will not
be discussed. Figure 4(a) shows yields of NHG composts
gaseous products, whereas Figure 4(b) shows yields of HG
composts gaseous products. The yields were calculated at
700∘C (after 112min) and at N

2
free-vol%. Among NHG

composts, MC compost resulted in the highest production
of H
2
(62.17 vol%), the lowest formation of CO (12.74 vol%)

and CH
4
(5.10 vol%), and the second lowest formation of

CO
2
(18.93 vol%). The lowest yield of H

2
(48.32 vol%) was

observed for MB compost and as expected it also resulted in
the highest CO (21.34 vol%) and CH

4
(8.01 vol%) formation

and a moderately high formation of CO
2
(20.30 vol%). The

majority of these observations are directly related to the
biochemical composition of examined composts and the
contents of water-soluble alkali. Specifically, lignin, cellulose,
and potassium (K) contents were found to be associated with
H
2
as well as CO and CH

4
formation. A positive correlation

was observed between H
2
yield and lignin (𝑅 = 0.916,

𝑃 < 0.05), and stronger negative correlations were observed
between CO yield and lignin (𝑅 = −0.974, 𝑃 < 0.01) and
between CH

4
yield and lignin (𝑅 = −0.929, 𝑃 < 0.01).

The relationship between H
2
and lignin is consistent with

the results obtained by Barneto et al. [10] who examined the
effect of Leucaena and tagasaste composts on the production
of volatiles from pyrolysis and reported 75wt% production
of H
2
from lignin. A positive correlation was also observed

between H
2
yield and K content (𝑅 = 0.750, 𝑃 < 0.1) and

negative correlations were obtained between CO and CH
4

yields and K content (𝑅 = −0.901, 𝑃 < 0.05 and 𝑅 =
−0.742, 𝑃 < 0.1, correspondingly). Negative relationships
between K content and CO and CH

4
were likewise observed

by Couhert et al. [38] who reported that mineral matter can
influence pyrolysis reactions occurring inside the compo-
nent’s particle and decrease the formation of aforementioned
gases. As previously mentioned, these correlations can also
be explained by the occurrence of char gasification reactions
((4) and (5)) which are likely to be a result of combination of
lignin and K contents. A higher lignin content is associated
with a higher K content (i.e., Pearson’s correlation coefficient
between lignin and K content was 0.832, 𝑃 < 0.05) [28, 39].
Potassium, on the other hand, is known to be an effective
catalyst for char gasification [20, 24, 39]. Both MC and MB
composts have shown the highest and the lowest lignin and
K contents which would explain their H

2
and CO yields, the

highest and lowest for MC compost, and the opposite for MB
compost, respectively. As previously noted, the formation of
H
2
inmajority from charring reactions was also confirmed by

Barneto et al. [10]. Opposite correlations to those observed
between lignin content and CO, CH

4
, and H

2
yields were

found for cellulose. That is, a negative correlation was calcu-
lated betweenH

2
yield and cellulose content (𝑅 = −0.860,𝑃 <

0.05), and positive correlations were found between CO yield
and cellulose content (𝑅 = 0.952,𝑃 < 0.01) and between CH

4

yield and cellulose content (𝑅 = 0.876, 𝑃 < 0.05). The strong
positive relationship between CO yield and cellulose content
is directly related to higher content of carbonyl groups in cel-
lulose, which is consistent with results obtained by Qu et al.
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Figure 3: Evolution of gas released during pyrolysis of composts: (a) NHG and (b) HG as a function of temperature.
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Figure 4: Yields of individual gaseous products from pyrolysis of (a) NHG composts and (b) HG composts at 700∘C and N
2
free-vol%.

[28] and Yang et al. [29]. The exception to the observed
correlations was observed for CO

2
yield which was found

to be unrelated to either biochemical composition or water-
soluble alkali. Instead, a weaker and marginally significant
correlation to one of the components of proximate analysis,
moisture, was observed (𝑅 = 0.780, 𝑃 < 0.1), which is a
further confirmation of presence of water-gas shift reaction.

The individual products yields trends observed for NHG
composts were also observed for two out of three HG
composts, namely, FP and FB (Figure 4(b)). The remaining
compost, FL, resulted in the highest yield of H

2
(55.43 vol%)

and the lowest yields of CO
2
(20.58 vol%), CO (16.95 vol%),

and CH
4
(5.60 vol%). The analogy of NHG composts cannot

be, however, applied to these samples as the correlation
between lignin and K contents was in the opposite direction
(𝑅 = −0.983) with a value which fell just shy of the statistical
significance threshold (𝑃 = 0.127). A negative correlation
between lignin and K was also reported by Fahmi et al. [40]
who investigated the effect of alkali metals on pyrolysis of
Lolium and Festuca independently. For this reason, the NHG
and HG composts samples were also separated in this study

when examining the possible relationships between gaseous
product yields and composts composition. In addition, the
correlations between individual products’ (H

2
, CO, andCH

4
)

yields and lignin content were no longer applicable and
insignificant due to the small number of observations. The
observed changes may, however, suggest that as much as both
lignin andK contents affect theH

2
formation during pyrolysis

of NHG composts, in the case of HG composts, it may be K
content that has the greatest influence on H

2
production.

Figure 5 presents the evolution profiles of pyrolysis
gaseous products of NHG composts (Figure 5(a)) and HG
composts (Figure 5(b)) as a function of temperature. The
products released at temperature below 450∘C consisted
mainly of CO

2
, CO, and CH

4
which is consistent with the

prior literature [21]. A further increase of pyrolysis temper-
ature changed the emission of pyrolysis gases as the yield of
CO and CO

2
began to decrease in expense of greater H

2
and

CH
4
formation. The greatest discrepancies in the emission

profiles of primary noncondensable gases were observed for
H
2
profiles. The differences occurred not only in the gas

release temperature but in the shape of evolution profiles as
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Figure 5: Evolution profiles of individual gaseous products from pyrolysis of (a) NHG composts and (b) HG composts.

well. The emission of H
2
during pyrolysis of NHG composts

began at 430∘C (R, RC, and TF composts), 472∘C (MC and
MB composts), and 508∘C (TO compost), whereas the release
of H
2
during pyrolysis of HG composts began at 377∘C (FP

compost), 430∘C (FL compost), and 508∘C (FB compost).The
majority of NHG composts (R, RC, TO, and MB) exhibited
double-peak profiles with some shift of both the first peak
maximum (observed in the 508–588∘C range) and the second
peak maximum (observed in the 624–677∘C range). The
maximum of the first peak is the highest and is attributed
to cracking of C–H bonds of lignin and cellulose and its

shift is a consequence of a change of released temperature
[29], whereas the second peak is smaller and is associated
with pyrolytic reactions of lignin due to its higher content
of aromatic ring (i.e., cracking and deformation of C=C and
C-H bonds) and charring reactions [29, 31]. The observed
changes are also a further confirmation of the fact that the
formation of H

2
at temperature >400∘C ismostly contributed

by pyrolysis of biochemical components, whereas the release
of H
2
at temperature >500∘C is mainly attributed to ther-

mal degradation of lignin and the occurrence of charring
reactions [21, 35, 36]. As aforementioned, these reactions are
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more pronounced in the energy grasses than in other biomass
type materials (i.e., wood) due to a greater amount of alkali
metals responsible for catalyzing these types of reactions [35,
36]. The remaining NHG composts, MC and TF, resulted in
single-peak or no-peak evolution profiles, respectively. Sim-
ilar H

2
profiles were exhibited by HG compost; specifically,

a single-peak profile was obtained for FP and FB composts,
whereas a no-peak profile was obtained for FL compost. The
resemblance between HG composts corresponds well with
the profile obtained for TF compost since HG composts are
a cross between Festuca (FT) and Lolium. The overall yield of
formed H

2
in these samples is also related to a combination

of both pyrolytic reactions of biochemical compounds and
charring reactions.

No significant discrepancies betweenNHG andHG com-
posts were observed in the emission profiles of the remaining
gaseous products. All samples displayed wide single-peak
profiles and, in general, a starting point of emission at
170∘C. The shift of a starting point of emission to 247∘C was
only observed for FB compost for CO and CO

2
evolution

profiles. The majority of CO
2
release took place in the

temperature ranges of 250–450∘C for FP and FL (hybrid
grasses) composts, and 300–500∘C for NHG and FB (hybrid
grass) composts.This correspondswell withCO

2
release from

all biochemical components through cracking and reforming
of carboxyl groups [28, 29, 41] and is in agreement with
calculated Pearson’s correlations (i.e., no single statistically
significant relationship towards one particular biochemical
component was observed). A reduction of CO

2
emission at

temperature >500∘C is likely due to secondary reactions of
volatiles as temperature at this point has a limited influence
[21, 42]. A minor difference between both types of composts
was observed in the emission of CO.That is, a single evolution
profile with a release of majority of the product in 300–500∘C
range was obtained for RC, MB (nonhybrid grasses), and FB
(hybrid grass) composts. The remaining samples exhibited
a wider but shorter CO peak at temperature ranges of
300–500∘C and 250–500∘C with a break of possible second
peak at 500–640∘C range for R, TF, TO, and MC (nonhybrid
grasses) and FP and FL (hybrid grasses) composts, corre-
spondingly.TheCO emission is mainly attributed to cracking
of carbonyl and carboxyl groups from cellulose [28, 29, 41].
The most constant evolution profile was obtained for CH

4

as its emission focused mainly at a temperature range of
450–550∘Candwas attributed to cracking ofmethoxyl groups
[28, 29, 41].

3.3. Syngas Production. The high variability of CO and H
2

yields led to gas mixtures with equally high variability of
H
2
/CO ratios. Figure 6 presents total yield of formed syngas

with respect to the particular H
2
/CO ratio, specifically, the

total yield of syngas produced with H
2
/CO = 2 used in

Fischer-Tropsch and methanol syntheses and with H
2
/CO

= 3 used for synthetic natural gas production. All com-
post samples investigated resulted in syngas formation with
H
2
/CO = 2. However, only five composts resulted in the

production of syngas with H
2
/CO = 3 (i.e., R, TF, TO,

and MC composts obtained from nonhybrid grasses and FL
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Figure 6: Total yield of syngas at H
2
/CO = 2 and H

2
/CO = 3.

compost from hybrid grass). The highest amount of syngas
with H

2
/CO = 2 was obtained for MB (nonhybrid grass)

and FB (hybrid grass) composts, 67.23 vol% and 67.38 vol%,
respectively. These two composts also resulted in the lowest
H
2
and the highest CO yields, correspondingly, whereas the

highest amount of syngas with H
2
/CO = 3 (72.10 vol%) was

obtained from pyrolysis of TF (nonhybrid grass) compost.
The change of H

2
/CO ratio with pyrolysis temperature is

shown in Figure 7. In general, apart from two samples, TO
and MC composts, all composts displayed a gradual increase
of H
2
/CO ratio with a pyrolysis temperature increase up to

650∘C. A further increase of pyrolysis temperature resulted
in a steep H

2
/CO ratio increase which corresponds well

with obtained CO evolution profiles and indicates mostly
H
2
generation. The TO and MC composts exhibited a more

abrupt increase of H
2
/CO ratio with a pyrolysis temperature

increase, which can indicate a higher rate of charring and
cracking reactions for these particular samples. It was not
a surprise that in regard to the specific value of H

2
/CO

ratio, these two composts reached this value at the lowest
temperature. That is, a H

2
/CO ratio = 2 was obtained at 624

and 639∘C, whereas a H
2
/CO ratio = 3 was obtained at 673

and 684∘C, for MC and TO composts, respectively. Among
samples forwhichH

2
/CO ratios increased gradually, only one

sample in particular reached the required H
2
/CO ratio at a

similar temperature range. Specifically, R composts resulted
in H
2
/CO ratio = 2 at 624∘C and in H

2
/CO ratio = 3 at 682∘C.

The remaining samples reached the essential H
2
/CO ratio in

higher temperature ranges of 660–700∘C and 695–700∘C for
H
2
/CO ratio = 2 and H

2
/CO ratio = 3, correspondingly. The

temperature necessary to obtain the specific H
2
/CO ratios

increased, therefore, in the following composts type order: (i)
H
2
/CO = 2: R, MC < TO < TF < FL < RC < FP < MB < FB

and (ii) H
2
/CO = 3: MC < R < TO < TF < FL.

3.4. Pyrolysis Gas HHV. The HHVs of pyrolysis gas with
respect to its total yield and syngas yield are displayed in
Figure 8.The size of the bubble represents theHHVexpressed
in MJ/kggas obtained at a specific pyrolysis temperature at
which an explicitH

2
/CO ratiowas reached. Figure 8(a) shows

the HHVs of pyrolysis gas obtained at H
2
/CO = 2, and
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Figure 7: H
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/CO ratio as a function of temperature.
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Figure 8: HHVs of pyrolysis gas with respect to its yield and syngas yield: (a) H
2
/CO = 2 and (b) H

2
/CO = 3.

Figure 8(b) shows the HHVs of pyrolysis gas obtained at
H
2
/CO = 3. The HHV was directly associated with pyrolysis

temperature; that is, as pyrolysis temperature increased, the
HHV increased as well. As a consequence, the optimal HHV
was reached at the highest syngas yield, which is consistent
with the prior literature [21, 43, 44], but not at the highest
gas yield. For example, the highest HHV at H

2
/CO = 2 in

the amount of 16.23 and 16.45 MJ/kggas was obtained for MB
(nonhybrid grass) and FB (hybrid grass) composts, respec-
tively, which also resulted in the highest syngas formation;
however, they exhibited one of the lowest total gas yields,
whereas the highest HHV at H

2
/CO = 3 was obtained for TF

(nonhybrid grass) and FL (hybrid grass) composts, 16.57 and
17.43MJ/kggas, correspondingly, which corresponded to the
highest syngas yield and third highest total gas yield for TF
compost and the highest total gas yield and second highest
syngas yield for FL compost. It is important to note that these
values are only marginally lower than the HHVs obtained
for raw materials (i.e., by 5.69%, 9.17%, 4.22%, and 4.28% for
MB, FB, TF, and FL composts, resp.) and are comparable to
those obtained from pyrolysis of wood or coir pith [39, 45].
The HHVs of pyrolysis gas reported in the literature are

significantly lower (4–12MJ/kggas) and are given mainly for
products obtained from pyrolysis of grasses rather than grass
composts [12, 42, 43, 46].The significant increase of observed
pyrolysis gases HHV is likely due to (i) composting process
which results in lignin enriched material, ipso facto greater
H
2
formation, and (ii) sawdust addition to the composting

process [47].

4. Conclusions

The syngas generation from pyrolysis of nine composts was
investigated in this study. Composts were divided into two
groups: composts obtained fromnonhybrid perennial grasses
and composts obtained from hybrid perennial grasses. The
pyrolysis experiments were conducted in a fixed bed reactor
to a final temperature of 700∘C.Apart from compost obtained
from tall oatgrass which exhibited the evolution gas profile
with three peaks, all the remaining materials displayed
two-peak evolution profiles indicating formation of gases
based on two main processes: (i) thermal decomposition
of biochemical components and (ii) secondary reactions of
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char. A distinction between NHG and HG composts was
observed for the evolution profiles of individual gaseous
products, in particular H

2
. HG composts resulted in no-peak

evolution profiles, whereas NHG composts displayed two-
peak and one-peak distributions. A no-peak distribution was
only observed for one of the NHG composts made from tall
fescue which belongs to the same genus as hybrid grasses.
The remaining gaseous products (CO, CO

2
, andCH

4
) did not

result in significant changes in emission profiles. It was found
that all examined composts resulted in H

2
/CO necessary for

future utilization in the amount of 2 and only five of the
studied composts resulted in H

2
/CO = 3. A close relationship

was established between H
2
, CO, and syngas yields, HHV of

pyrolysis gas, and temperature required to obtain the essential
H
2
/CO ratio. Specifically, composts obtaining the highest H

2

yield resulted in the lowest CO yield, following the lowest
syngas yield, HHV, and temperature required to obtain the
specific H

2
/CO ratio, whereas composts obtaining the lowest

H
2
yield resulted in the highest CO yield, following the high-

est syngas yield, HHV, and temperature required to obtain the
essential H

2
/CO ratio. It was also found that the formation

of H
2
was significantly correlated with lignin and K contents

for nonhybrid grass.That is, strong positive correlations were
obtained between (i) lignin andK contents, (ii) lignin content
andH

2
yield, and (iii) K content andH

2
yield. Comparatively,

a negative correlation (that just barely fell outside statistical
significance) was observed for HG composts between lignin
and K contents. The remaining correlations (i.e. between
lignin content and H

2
yield and between K content and H

2

yield) were not statistically significant. Remarkable results
were also obtained for HHV of pyrolysis gas. Specifically,
values close to the HHVs of raw materials, 16.23, 17.43,
and 16.45MJ/kg, were calculated for composts obtained
from mountain brome, tall fescue, and festulolium Becva
composts, respectively. The increase was attributed to the
composting process (i.e., an increase of lignin content) and
sawdust addition. Finally, the compostsmade frommountain
brome grass and hybrid Becvawere recognized as the optimal
materials for fuel/energy generation due to their (i) highest
syngas formation and (ii) highest HHV.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This research was supported by the Czech Republic Ministry
of Education, Youth and Sport, and theCentre ENET research
project, Reg. no. CZ.1.05/2.1.00/03.0069, and the Czech
Republic Ministry of Agriculture research project, Reg. no.
MZ QI101C246, elaborated in the framework of the project
New Creative Teams in Priorities of Scientific Research,
Reg. no. CZ.1.07/2.3.00/30.0055, supported by Operational
Programme Education for Competitiveness, and cofinanced
by the European Social Fund and the state budget of the
Czech Republic.

References

[1] European Commission, Report from the Commission to the
European Parliament, the Council, the European Economic and
Social Committee and the Committee of the Regions, 2013.

[2] R. E. H. Sims, A. Hastings, B. Schlamadinger, G. Taylor, and
P. Smith, “Energy crops: current status and future prospects,”
Global Change Biology, vol. 12, no. 11, pp. 2054–2076, 2006.

[3] H. Haberl, K. Erb, F. Krausmann et al., “Global bioenergy
potentials from agricultural land in 2050: sensitivity to climate
change, diets and yields,” Biomass and Bioenergy, vol. 35, no. 12,
pp. 4753–4769, 2011.

[4] Commission of the European Communities, “Report from the
Commission to the Council on the review of the energy crops
scheme,” 2006, http://iet.jrc.ec.europa.eu/remea/sites/remea/
files/files/documents/com 2006 500 energy crops scheme.pdf.

[5] L. Potter, M. J. Bingham, M. G. Baker, and S. P. Long, “The
potential of twoperennial C

4
grasses and a perennial C

4
sedge as

ligno-cellulosic fuel crops in N. W. Europe. Crop establishment
and yields in E. England,” Annals of Botany, vol. 76, no. 5, pp.
513–520, 1995.

[6] M. Rahman, S. B. Mostafiz, J. V. Paatero, and R. Lahdelama,
“Extension of energy crops on surplus agricultural lands: a
potentially viable option in developing countries while fossil
fuel reserves are diminishing,” Renewable and Sustainable
Energy Reviews, vol. 29, pp. 108–119, 2014.

[7] C. Wrobel, B. E. Coulman, and D. L. Smith, “The potential use
of reed canarygrass (Phalaris arundinacea L.) as a biofuel crop,”
Acta Agriculturae Scandinavica B: Soil and Plant Science, vol. 59,
no. 1, pp. 1–18, 2009.

[8] Czech Statistical Office, “Harvest of permanent grassland in hay
in 2012 by regions,” 2013, http://www.czso.cz/csu/2013edicni-
plan.nsf/engt/1000218C20/$File/21021326.pdf.

[9] Czech Statistical Office, “Agriculture—3rd quarter of 2013.
Meat production at the last year level, agricultural producer
prices increased,” 2013, http://www.czso.cz/csu/csu.nsf/engin-
formace/czem103113.doc.

[10] A. G. Barneto, J. A. Carmona, andM. Jesús Dı́az Blanco, “Effect
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The main purpose for developing biofuel is to reduce GHG (greenhouse gas) emissions, but the comprehensive environmental
impact of such fuels is not clear. Life cycle analysis (LCA), as a complete comprehensive analysis method, has been widely used
in bioenergy assessment studies. Great efforts have been directed toward establishing an efficient method for comprehensively
estimating the greenhouse gas (GHG) emission reduction potential from the large-scale cultivation of energy plants by combining
LCA with ecosystem/biogeochemical process models. LCA presents a general framework for evaluating the energy consumption
and GHG emission from energy crop planting, yield acquisition, production, product use, and postprocessing. Meanwhile,
ecosystem/biogeochemical process models are adopted to simulate the fluxes and storage of energy, water, carbon, and nitrogen in
the soil-plant (energy crops) soil continuum. Although clear progress has been made in recent years, some problems still exist in
current studies and should be addressed. This paper reviews the state-of-the-art method for estimating GHG emission reduction
through developing energy crops and introduces in detail a new approach for assessing GHG emission reduction by combining
LCA with biogeochemical process models. The main achievements of this study along with the problems in current studies are
described and discussed.

1. Introduction

The increasing consumption of fossil fuel and current eco-
logical environmental problems are global challenges. Plant-
based bioenergy liquid fuel (including biofuel ethanol and
biodiesel) is an effective way to relieve the energy crisis and
also protect the environment due to its advantages of clean-
ness, safety, and reproducibility [1, 2]. After nearly 10 years,
the worldwide production of liquid fuel is developing very
rapidly, increasing from 0.96 billion in 2001 to 21.4 billion in
2011. The European Union, the USA, and Brazil are the main
forces in the development of the biomass energy industry
[3]. Although the development of the global biofuel industry
has shown a great trend driven by the energy requirement

and related policies, there are still many challenges in large-
scale production. The main raw material of liquid biofuel
production is currently cultivated crops. Soybean and corn
are widely used in the USA and rapeseed and soybean are
used in the European Union for biodiesel development.
In Brazil, sugarcane is used for ethanol development [4].
Relatively accurate conclusions regarding productivity and
environmental benefits may be drawn based on years of
cultivated experience. The production of bioethanol and
biodiesel by different energy plants and process techniques
can reduce greenhouse gas (GHG) emissions by 12–125%
compared with traditional fossil fuels [5–7]. Adler et al.
used the DAYCENT biogeochemistrymodel to assess the soil
GHG fluxes and biomass yields for corn, soybean, alfalfa,
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hybrid poplar, reed canarygrass, and switchgrass as bioenergy
crops in Pennsylvania, USA. The results showed that all
cropping systems considered provided net GHG sinks. The
net GHG emissions of switchgrass, reed canarygrass, corn-
soybean rotation, corn-soybean-alfalfa rotation, and hybrid
poplar were reduced by −114%, −84%, −38%, −41%, and
−117%, respectively [6]. Large-scale production of biodiesel in
theUKwas found to save 26%ofGWP [8].However, Jatropha
and other noncrop energy plants have not been used long
enough to generate sufficient data. The key problem of non-
crop energy plants scale development is how to scientifically
estimate the potential of GHG emission reduction [9]. If this
problem can be solved, the development of biological liquid
fuels can be more accurately evaluated and more reasonably
planned.

The main purpose for the development of biological
liquid fuel is to reduce GHG emissions, but great uncertainty
remains regarding its comprehensive environmental impact.
Some researchers believe that the patterns of land use change
will affect the GHG emissions. These researchers believe that
biological liquid fuel development would have a negative
impact on the environment if the GHG emissions caused by
the land use pattern changes were under consideration [10,
11]. However, according to the latest survey of the American
Department of Energy, certain assumptions in the studies
above have obvious problems. They assumed that 30 billion
gallons of ethanol would be produced from corn annually
until 2015, but only 1.5 billion gallons were planned to be
produced according to the Energy Independence and Secu-
rity Act [12]. They also assumed that massive deforestation
would occur during the development of biomass energy,
but most of the forests were excluded in the planning.
Therefore, the assumption of a large amount of cultivated land
being occupied is not correct because the biomass energy is
developed based on the sparse forest land, sparse shrub land,
sparse grassland, shoal/bottomland, and bare land rather
than the cultivated land [13].

Regarding the net energy balance problems during pro-
duction, ethanol from corn yields 25% more energy than the
energy invested in its production, whereas biodiesel from
soybeans yields 93% more [5]. Switchgrass produces 540%
more bioethanol than nonrenewable energy consumed [12],
which shows a great advantage of the second generation
of biological liquid fuel. Some controversy also exists as to
whether the development of bioliquid fuel will reduce GHG
emissions. Some studies have indicated that GHG emissions
can be reduced by 12–125% with bioliquid fuel production
compared to traditional fossil fuels [12]. Bioethanol produc-
tion from corn can reduce GHG emissions by 13%. The
second generation biofuel can reduce more GHG emissions
along with the development of process techniques [14].
Bioethanol production from switchgrass instead of fossil fuels
can reduce GHG emissions by 94% [15]. Sasaki et al. [16]
developed biomass change and harvest models to estimate
the woody biomass availability in forests under the current
management regime. The total annual production of woody
biomass is 563.4 million tons (11.3 EJ) over the same period
between 1990 and 2020. The total energy consumption in
Southeast Asia was estimated at 6.4 EJ in 1990 and 15.7 EJ

in 2006, increasing approximately by 9.0% yr−1. Energy from
wood fuels in Southeast Asia (excluding Singapore and
Brunei) was estimated at 2.4 EJ in 1993 or approximately
33.1% of the total energy consumption in that year. Energy
from wood fuels in this region increased by approximately
2.5% yr−1 on average between 1992 and 1995 [17, 18]. There-
fore, without effective policies to reduce deforestation and
forest degradation, an energy shortage is likely to occur in
Southeast Asia. The carbon emission reductions associated
with using woody biomass instead of fossil fuels to generate
energy are estimated at 281.7 TgC yr−1for replacing coal,
225.3 TgC yr−1 for replacing petroleum products, and 169.0
TgC yr−1 for replacing natural gas throughout the modeling
period using carbon coefficients of 25 kgCGJ−1 for coal,
20 kgCGJ−1 for petroleum products, and 15 kgCGJGJ−1 for
natural gas [16].

Some controversy remains about the effects of bio-
logical liquid fuel development on the economy, society,
and environment. Therefore, many countries have begun
to reevaluate their future biofuel development strategies,
exploring strategies that have smaller negative effects on
the economy, society, and environment. For example, the
European Union decided to postpone the implementation
of their goal of replacing 10% of their transportation energy
with biological liquid fuel by 2020, and the United States
government claimed to assess and monitor the sustainability
of biological liquid fuel development [19]. China’s biofuel
industry is also witnessing rapid development. However, the
development of the biodiesel industry is still faced withmany
uncertainties, among which the accurate estimation of the
potentiality of raw material supply, net energy production,
and GHG emission reduction is the most crucial issue.

The main objectives of this study are the following:
(1) to review the state-of-the-art method for assessing the
GHG emission reduction by developing energy crops and
(2) to introduce a new approach for assessing the GHG
emission reduction by combining life cycle analysis (LCA)
with biogeochemical process models. This paper focuses on
estimating the GHG reduction of noncrop energy plants,
especially in the stages of growing,managing, and harvesting.
In addition, the GHG caused by direct land-use changes
were considered, while the GHG caused by indirect land-use
change were beyond the scope of this paper.

2. Life Cycle Analysis

To become a substitute for fossil fuels, bioliquid fuel should
be able to provide net energy, bring environmental and
economic benefits, and not reduce the food supply during
mass production [6]. LCA is used to evaluate the energy
consumption of a product or system throughout its life cycle,
including raw material acquisition, production, product use,
and postprocessing [3]. In recent years, LCA has been widely
used as a complete comprehensive analysis method in bioen-
ergy assessment studies. By comparison with fossil fuels, the
consumption across the whole life cycle of biofuels, GHG
emission, and primary energy usage can be reduced. Xing et
al. [20] calculated and evaluated the land use and water and
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energy consumption of three feedstocks, namely, rape seed
oil, Jatropha curcas L. oil, and waste oil, using LCA that con-
sidered planting, harvesting, transportation, pretreatment,
biodiesel production, distribution, and consumption. Hu et
al. established a life cycle energy consumption and emission
assessment model for soybean, rape seed, Cornus wilsoniana
wanaer (CWW), and Jatropha curcas L. as bases for biodiesel
[21].Wang and Lu analyzed the life cycle energy consumption
and pollutant emissions during biodiesel production from
Jatropha curcas [22]. The costs, energy consumption, and
environmental impact of a bioethanol life cycle that used
wheat, corn, and sweet potato as rawmaterials were analyzed
by Zhang [23]. Dai et al. [24] evaluated the energy efficiency
of the cassava fuel ethanol life cycle in the Guangxi province,
China. Nguyen et al. [25] assessed the energy balance and
GHG emissions of the cassava fuel ethanol life cycle in
Thailand. Sobrino et al. [1] compared energy consumption
of bioliquid fuels with fossil fuels throughout the life cycle
and found a lower consumption of primary energy and a CO

2

emission reduction after bioliquid fuel replaced certain fossil
fuels. Razon and Tan [26] analyzed the net energy gain of
bioliquid fuel and biogas using algae. Finally, Lu et al. [27]
and Li et al. [28] established the energy and GHG reduction
potential of Pistacia chinensis.

Most of the current literature is devoted to experimental
or theoretical evaluations in estimating the GHG reduction
effects of a certain energy plant for unit volume ormass using
LCA.The mean value is used when applied on a district level
[29]. The result is that the spatial differences in the GHG
reduction potential resulting from the spatial heterogeneity
of climate, soil, and terrain features cannot be determined.
Hence, the GHG reduction potential is difficult to evaluate
on a regional scale.

Addressing this problem, some studies proposed intro-
ducing spatial data and spatial analysis methods that couple
LCA with GIS to evaluate the GHG reduction potential.
A multifactor analysis method based on geographic infor-
mation system (GIS) techniques was adopted to identify
marginal lands for bioenergy development. Marginal lands
with potential for planting energy plants were identified for
each 1 km × 1 km grid across China. The net energy and
emission reduction efficiency of biological liquid fuel were
identified at each grid and the total GHG emission reduction
was then obtained by accumulating the grids [30]. GIS tech-
niques and multifactor comprehensive analysis methods are
applied to calculate the potential for planting large-scale cas-
sava in Southwest China. Then, the life cycle net energy and
GHG emission reduction capacities of cassava on marginal
land with different suitability degrees were calculated based
on the expanded life cycle model for cassava ethanol fuel.
The results indicate that adopting spatial data (such as the
climate, soil, and terrain conditions) as well as a spatial
analysis model provides a preliminary solution to solve the
GHG reduction evaluation problem on a regional scale. The
more reasonable results for GHG reduction potential were
estimated at relatively fine geographical scale [31]. Dresen and
Jandewerth integrated spatial analyses into LCA-calculated
GHG emissions with GIS systems. Using the example of
the energetic utilization of biomass via conditioned biogas,

the authors presented a GIS-based calculation tool that
combines geodata on biomass potentials, infrastructure, land
use, cost, and technology with analysis tools for the planning
of biogas plants to identify the most efficient plant locations
and to calculate the emission balances, biomass streams, and
costs in the lower Rhine region and the Altmark region in
Germany. The results of the GHG balances were presented.
The balances of the individual sites, the regional balances,
and their temporal development can be calculated in GIS
using LCAmethods. GIS tools not only allow the assessment
of individual plants but also allow the determination of
the GHG reduction potential, the biogas potential, and the
necessary investment costs for entire regions. Thus, exploit-
ing regional biogas potentials in a way that is sustainable
and climate-friendly becomes simple [32]. Environmental
integration, such as GIS and LCA, provides a methodol-
ogy capable of providing enough information and results
to determine an energy crop implementation strategy for
reducing the energy consumption and CO

2
eq. emissions.

The methodology was applied and verified in a study area in
Catalonia (southern Europe). The results showed that a high
impact reduction inGHGcould be achieved annually (annual
reduction of 1,954,904 Mg of CO

2
eq.) [33]. However, some

obvious problems remain in the current research. The same
parameters were used in the “GHG reduction efficiency”
model without considering natural or social conditions.
Meanwhile, the total GHG emission reduction potential is
not exactly equal to the sum of the grid values, as mutual
influences and interactions exist between each grid [29].

3. Model

In recent years, many methods, including LCA, have been
widely used in bioenergy assessment studies. However, pre-
vious studies typically only calculated the unit mass or unit
area of a biofuel life cycle based on a laboratory dataset, that is,
the “GHGemission reduction efficiency.” Regional total GHG
emission reduction potentials were simply considered as
“efficiency times total yield.” The spatiotemporal variation of
environmental factors, such as solar radiation, temperature,
soil, and water, was not well described in previous studies.
To solve this problem, various models have been adopted
for estimating the GHG emission of energy plants. IPCC
Tier 1 provided a very practical method for calculating
GHG emissions. Ecosystem process models and land surface
models have also been used. According to the latest progress
in this field, the process-based biogeochemical models were
introduced into the framework of LCA to quantitatively
calculate the C, N, and GHG emissions during the growth of
energy plants and obtain their spatial distribution as well.

3.1. Three-Tier Approaches of IPCC. De Klein et al. (New
Zealand) used a three-tier approach to estimate the nitrous
oxide (N

2
O) emissions from managed soils, including indi-

rect N
2
O emissions from the additions of N to land due

to deposition and leaching and emissions of carbon dioxide
(CO
2
) following the additions of liming materials and urea-

containing fertilizer. In the most basic form, direct N
2
O
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emissions from managed soils are estimated using Tier 1
methods ((A.1); see the appendix). If more detailed emission
factors and corresponding activity data are available to a
country than are presented in Tier 1, then Tier 2 can be
undertaken. Tier 3 methods are modeling or measurement
approaches that can relate the soil and environmental vari-
ables responsible forN

2
Oemissions to the sizes of those emis-

sions [34]. Tier 1 methods were most widely used because of
the data acquisition convenience. Ruesch and Gibbs created
a new global map using the IPCC Tier 1 method of biomass
carbon stored in above- and below-ground living vegetation.
However, the methods they employed are not directly linked
to ground-based measures of carbon stocks and have not
been validated with field data [35]. At the national level, the
intergovernmental panel on climate change (IPCC) has pro-
duced a set of guidelines for estimating the GHG inventories
at different tiers of quality, ranging from Tier 1 up to Tier 3.
The biome averages used in the Tier 1 approach to estimate
forest carbon stocks are freely and immediately available
and currently provide the only source of globally consistent
forest carbon information; however, there are uncertainties
caused by natural disturbance, topography, microclimate,
and soil type. Additionally, the estimates may be too high
or too low for some locations. A study suggested that the
default values used in this approach underestimate the carbon
stocks for ecosystems, such as temperate moist forests [36–
39]. In addition to the weaknesses above, the IPCC guidelines
provide the default values of regular crops without the default
values of most specific energy plants, such as sugarcane,
Miscanthus and Cassava.

3.2. Ecosystem Process Model and Land Surface Model. Wu et
al. used a modified version of the soil and water assessment
tool (SWAT) as a basic tool to simulate a series of biofuel
production scenarios involving crop rotation and land cover
changes in the James River Basin of the Midwestern United
States. The grasslands could be classified based on the
simulations in terms of biomass productivity and nitrogen
loads. The group further derived the relationship of biomass
production targets and the resulting nitrogen loads, and they
projected the annual average water yield NO

3
-N load and soil

NO
3
-N concentration during the 18-year simulation period

(1991–2008) [40]. PnET (photosynthetic/evapotranspiration
model) is a nested series of models of carbon, water, and
nitrogen dynamics for forest ecosystems. The models were
developed and validated in the Northeastern USA at both
the site and the grid level (to 1 km resolution) by Aber et
al. [41]. To contribute toward more reliable estimates of the
N
2
O source strength of tropical rainforest ecosystems on

a regional scale, Kiese et al. modified a process-oriented
biogeochemical model, PnET-N-DNDC, and parameterized
it to simulate C and N turnover and the production of
associated N

2
O emissions in and from tropical rainforest

ecosystems. The daily simulated N
2
O emissions based on

site data were in good agreement (model efficiencies up to
0.83) with field observations in the wet tropics of Australia
and Costa Rica [42]. A simulation model, Wetland-DNDC,
for C dynamics and methane (CH

4
) emissions in wetland

ecosystems was reported; the model’s main structure was
adopted fromPnET-N-DNDC.Themodel has been validated
against various observations from three wetland sites in
Northern America. The validation results agree with the
field measurement data [43]. Predictions using PnET-II at
the stand or community level indicated that the lumped
parameter approach worked well at both large (i.e., multiple
community types) and small (within community types)
spatial scales [44, 45]. However, this type of approach will
provide inaccurate parameter estimates without the right
“mix” of species to offset over- and underestimates because
the mixture of species resulted in a compensating error [46].

3.3. Biogeochemical Process Models. DAYCENT is a daily
time series biogeochemical model used in agroecosystems to
simulate the fluxes of carbon and nitrogen in the atmosphere,
vegetation, and soil [47, 48]. The model is a version of the
CENTURY biogeochemical model using a daily scale. The
DAYCENT land surface submodel simulated the soil water
and soil temperature dynamics well for a variety of sites
ranging from dry grassland, wet managed grassland, and wet
crop land systems.The simulated results were compared with
observed snow cover data, weekly 0–10 cm soil water data,
daily AET data, and soil temperature data. The 𝑟2 values
from the observed versus simulated results were between
0.58 and 0.96 [49]. The ability of DAYCENT to simulate
NPP, soil organic carbon, N

2
O emissions, and NO

3
leaching

has been tested with data from various native and managed
systems [50–52]. The DAYCENT biogeochemical model was
used to represent GHG emissions more realistically for
nonrice major crop types (corn, wheat, and soybean). The
results indicate a significant potential to the reduce GHG
emissions from cropped soils and to increase yields. Using
nitrification inhibitors and split fertilizer applications both
led to increased (∼6%) crop yields, but the inhibitor led to
a larger reduction in N losses (∼10%). No-till cultivation,
which led to C storage, combined with nitrification inhibitors
resulted in reduced GHG emissions of ∼50% and increased
crop yields of ∼7% [53]. DAYCENT, used in this study,
is likely to be an improvement over the IPCC method
that estimates N

2
O emissions based solely on N inputs

and does not account for weather and soil class. However,
the dataset used during the simulation was mapped to an
extremely coarse resolution at 1.9olutio, and the nonspatial
data (e.g., rates and dates of fertilizer applications) were
assumed to be identical within crop types across regions.
Lee et al. calibrated and validated DAYCENT and predicted
the biomass yield potential of switchgrass across the Central
Valley of California. Six common cultivars were calibrated
using published data across the USA and validated with data
generated from four field trials in California (2007–2009).
After calibration and validation, the model explained 66–
90% of observed yield variation in 2007–2009. The model
(2.0–9.9Mg ha−1 yr−1) agreed well with the observed yield
variance (1.3–12.2Mg ha−1 yr−1) in the establishment year.
The Alamo and Kanlow cultivars were estimated to have
biomass production potential within the Central Valley of
California under the selected management practices. The
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biomass management options of switchgrass were suggested
to differ depending on the temperature and on the yields of
the different ecotypes [54].

RothC-26.3 was originally developed and parameterized
to model the organic C turnover in arable topsoils from the
Rothamsted long term field experiments, hence the name.
The model uses a monthly time step to calculate the total
organic carbon (t ha−1), microbial biomass carbon (t ha−1),
and D14C (from which the equivalent radiocarbon age of the
soil can be calculated) on timescales from years to centuries
[55–58].Themodel has been evaluated for a range of climates
and vegetation types (e.g., cropland, grassland, and forests)
and has been previously used for prediction on both regional
and global scales [59–64]. Hillier et al. have conducted a
study for England and Wales, using the yield maps of four
bioenergy crops, Miscanthus (Miscanthus giganteus), short
rotation coppice (SRC) poplar (Populus trichocarpa Torr. &
Gray P. trichocarpa, var. Trichobel), winter wheat, and oilseed
rape, with RothC to simulate the soil C turnover over a 20-
year period. The GHG emissions from soil are placed in
context with the life cycle emissions and then quantify the
potential fossil fuel C that could be displaced. The GHG
balance is estimated for each of the 12 land use change
transitions associated with replacing arable, grassland, or
forest/seminatural landwith each of the four bioenergy crops.
Miscanthus and SRC are likely to have a mostly beneficial
impact in reducing GHG emissions, while oilseed rape and
winter wheat have either a net GHG cost or only a marginal
benefit [65].

Biome-BGCversion 4.1.2was provided by PeterThornton
at the National Center for Atmospheric Research (NCAR,
sponsored by the National Science Foundation) and by the
Numerical Terradynamic Simulation group (NTSG) at the
University of Montana. The model is a computer model
that simulates the storage and fluxes of water, carbon, and
nitrogen within the vegetation, litter, and soil components of
a terrestrial ecosystem. Biome-BGC is primarily a research
tool and many versions have been developed for partic-
ular purposes [66]. Biome-BGC was applied to simulate
the behavior of three Mediterranean species (Quercus ilex
L., Quercus cerris L., and Pinus pinaster Ait.) [67]. The
model was also adapted to managed stands with long term
observations of biomass production. The exercise includes
a model analysis for 33 stands exemplifying typical forest
management of beech, oak, pine, and spruce, that is, the four
major tree species important to Central-European forestry
[68]. In this area, Schmid et al. analyzed the carbon dynamics
along an altitudinal gradient across the alpine treeline; the
analysis provided insights into the sensitivity of simulated
average carbon pools to the changes in environmental factors
[69]. The Biome-BGC model was also applied in a forested
area of Sweden. The current carbon balance of the forested
area and its sensitivity to global change was simulated [70].
Eastaugh et al. applied the species-specific adaptation of the
biogeochemical model Biome-BGC to Norway spruce across
a range of Austrian climatic change zones using the Austrian
National Forest Inventory. The relative influence of current
climate change on forest growth was quantified. At the

national scale, climate change was found to have negligible
effect onNorway spruce productivity, due in part to opposing
effects at the regional level [71]. Based on the Biome-BGC
model, a modified net primary productivity (NPP) calcula-
tion is used to estimate the Jatropha curcas Linnaeus (JCL)
yields. A zoning scheme that considers land cover status and
potential yield levels was formulated and used to evaluate
the potential area and production of future plantations at the
global, regional, and national levels. The estimated potential
area of JCL plantations is 59–1486million hectares worldwide
and the potential production is 56–3613 million ton dry seed
y−1 [72].TheBiome-BGCoutputs are useful for the following:
(1) establishing the amount and distribution of C storage by
plants; (2) predicting the behavior of different ecosystems in
cases of CO

2
concentration changes in the air; (3) exploring

the controls of water stress and drought on plant carbon
balances; (4) exploring the interannual variability of climate
on growing season; and (5) furnishing important parameters
useful to managing ecosystems, particularly forests [67].

Themodels most used for energy plant GHG simulations
are listed in Table 1. It is worth noting that hundreds of
different types of models have been used in the literature.
Table 1 presents only select models that are relatively operable
and widely applied.

4. Discussion and Conclusion

During the last decade, great effort has been directed at
establishing an efficient method for comprehensively esti-
mating the GHG emission reduction potential from large-
scale cultivation of energy plants by combining LCA with
ecosystem/biogeochemical process models. LCA presents a
general framework for evaluating the energy consumption
and GHG emission from energy crop plantation, yield
acquisition, production, product use, and postprocessing.
Meanwhile, ecosystem/biogeochemical process models are
adopted to simulate the fluxes and storage of energy, water,
carbon, and nitrogen in the soil-plant (energy crops) soil
continuum. Although clear progress has been made in recent
years, some problems remain in current studies and should
be addressed.

(1) Localization of key parameters: in some of the “GHG
reduction efficiency” models, such as [27, 31] the
key parameters are derived from the reference values
of the American Oregon National Laboratory. The
same parameters were used without considering local
geographical and social conditions. Good examples of
models that incorporate geographical and social con-
ditions were presented by Qin et al. [73] and Gelfand
et al. [74]. The terrestrial ecosystem model (TEM),
a process-based global-scale ecosystem model, was
used to estimate the C fluxes and pool sizes of
switchgrass and Miscanthus in China. For each crop,
TEM was calibrated against driving data and the
rate limiting parameters for several biogeochemical
processes were obtained from the parameterization
[73]. Many more details regarding the parameteri-
zation of the process model were also presented in
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Table 1: Models mostly used for GHG simulation of energy plant.

Model Study object Study area Author(s)

Tier 1 Vegetation Global Ruesch and Gibbs 2008 [35]
Eucalyptus regnans forests Australian Keith et al. 2009 [36]

SWAT Biofuel James River Basin of the Midwestern
United States Wu et al. 2012 [40]

PnET
Forest ecosystems Northeastern USA Aber et al. 2005 [41]

Tropical rainforest ecosystems Wet tropics of Australia and Costa Rica Kiese et al. 2005 [42]
Wetland Northern America Zhang et al. 2002 [43]

DAYCENT

Dry grassland, wet managed grassland,
and wet crop land systems Minneapolis, Minnesota, USA Parton et al. 1994 [49]

Crops USA del Grosso et al. 2005 [50]
Corn, wheat, and soybean Worldwide del Grosso et al. 2009 [53]

Switchgrass The Central Valley of California Lee et al. 2012 [54]

RothC
Cropland European Russia and the Ukraine Smith et al. 2007 [59]

Nonwaterlogged soils Germany, England, the USA, the
Czech Republic, and Australia Coleman et al. 1997 [60]

Miscanthus, poplar, winter wheat, and
oilseed rape England and Wales Hillier et al. 2009 [65]

Biome-BGC

Quercus ilex L., Quercus cerris L., and
Pinus pinaster Ait. The Mediterranean area Chiesi et al. 2007 [67]

Beech, oak, pine, and spruce Central-European forestry Cienciala and Tatarinov 2006 [68]
Forest Central-European forestry Schmid et al. 2006 [69]
Forest Sweden Lagergren et al. 2006 [70]

Biome Norway spruce Austrian Eastaugh et al. 2011 [71]
Jatropha curcas Linnaeus Global Li et al. 2010 [72]

[74]. To achieve qualified and reliable results, the
localization of key parameters and sensitivity analysis
are very important and worth greater attention in
further studies.

(2) Acquisition of spatially explicit estimations: the total
GHGemission reduction potential is not simply equal
to the sum of the grid values, as in the Biome-
BGC model. Mutual influences and interactions exist
between each grid [29]. For example, the Biome-
BGC team recently presented a new model, the
regional hydrological and ecological simulation sys-
tem (RHESSys), that combines the terrestrial ecosys-
tem process model Biome-BGCwith spatially explicit
meteorological information and the TOPMODEL
hydrologic routing model to make spatial and tem-
poral predictions of carbon, water, and nitrogen
dynamics over landscapes [75]. Xu et al. suggested
developing a spatially explicit agent-based LCA anal-
ysis framework for improving the environmental
sustainability of bioenergy systems [76]. Hence, spa-
tially explicit process-based biogeochemical models
are much important for deriving both the amount
and the spatial distribution of the C, N, and GHG
emissions during the growth of energy plants. Using
these models, the GHG reduction efficiency of scale
development of energy plants can be accurately eval-
uated.

(3) Assessment of the effect of management system. The
effect of management system has been neglected in
many existing models. However, the environmen-
tal policy integrated climate (EPIC), provided by
Blackland Research & Extension Center and USDA
Grassland, Soil, and Water Laboratory, could predict
the effects of management decisions on soil, water,
nutrient, and pesticide movements [77]. Gelfand
et al. implemented an EPIC-based spatially explicit
integrativemodeling framework to simulate the yields
of perennial species grown on marginal lands across
the ten-state study area in theUS north-central region
[74]. The international institute for applied systems
analysis (IIASA) suggests that EPIC has accurately
simulated the agricultural conditions and practices
for hundreds of years into the past, providing an
excellent basis for projecting future trends in global
change [78].Therefore, more attention should be paid
to the management system or the practice of energy
crop plantation in future studies.

Appendix

Consider

N
2
ODirect-N = N2O-NN inputs +N2O-NOS

+N
2
O-NPRP
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N
2
O-NN inputs = [[(𝐹SN + 𝐹ON + 𝐹CR + 𝐹SOM) ∙ EF1]

+ [(𝐹SN + 𝐹ON + 𝐹CR + 𝐹SOM)FR + EF1FR]]

N
2
O-NOS = [(𝐹OS,CG,Temp ∙ EF2CG,Temp)

+ (𝐹OS,CG,Trop ∙ EF2F,Temp,NP)

+ (𝐹OS.F.Temp,NR ∙ EF2F,Temp,NR)

+ (𝐹OS,F,Temp,NP ∙ EF2F,Temp,np)

+ (𝐹OS,F,Trop ∙ EF2F,Trop)]

N
2
O-NPRP = [(𝐹PRP,CPP ∙ EF3PRP,CPP)

+ (𝐹PRP,SO ∙ EF3PRP,SO)] ,
(A.1)

where

N
2
ODirect-N = annual direct N

2
O-N emissions pro-

duced from managed soils, kg N
2
O-N yr−1,

N
2
O-N
𝑁𝑖𝑛𝑝𝑢𝑡𝑠

= annual direct N
2
O-N emissions from

N inputs to managed soils, kg N
2
O-N yr−1,

N
2
O-NOS = annual direct N

2
O-N emissions from

managed organic soils, kg N
2
O-N yr−1,

N
2
O-NPRP = annual direct N

2
O-N emissions from

urine and dung inputs to grazed soils, kg N
2
O-N yr−1,

FSN = annual amount of synthetic fertilizer N applied
to soils, kgN yr−1,
FON = annual amount of animal manure, compost,
sewage sludge, and other organic N additions applied
to soils (note: if including sewage sludge, cross-check
with waste sector to ensure that the N

2
O emissions

are not double-counted from the N in sewage sludge),
kgN yr−1,
FCR = annual amount of N in crop residues (above-
ground and below-ground), includingN-fixing crops,
and from forage/pasture renewal, returned to soils,
kgN yr−1,
FSOM = annual amount of N in mineral soils that is
mineralized, in association with loss of soil C from
soil organic matter as a result of changes to land use
or management, kgN yr−1,
FOS = annual area of managed/drained organic soils,
ha (note: the subscripts CG, F, Temp, Trop, NR,
and NP refer to cropland and grassland, forest land,
temperate, tropical, nutrient rich, and nutrient poor,
resp.),
FPRP = annual amount of urine and dung N deposited
by grazing animals on pasture, range, and paddock,
kgN yr−1 (note: the subscripts CPP and SO refer to
cattle, poultry, and pigs and sheep and other animals,
resp.),

EF
1
= emission factor for N

2
O emissions from N

inputs, kg N
2
O-N (kgN input)−1,

EF1FR is the emission factor for N
2
O emissions from

N inputs to flooded rice, kg N
2
O-N (kgN input)−1,

EF
2
= emission factor for N

2
O emissions from

drained/managed organic soils, kg N
2
O-N ha−1 yr−1;

(note: the subscripts CG, F, Temp, Trop, NR, and
NP refer to cropland and grassland, forest land,
temperate, tropical, nutrient fich, and nutrient poor,
resp.),
EF3PRP = emission factor for N

2
O emissions from

urine and dung N deposited on pasture, range,
and paddock by grazing animals, kg N

2
O-N

(kgN input)−1 (note: the subscripts CPP and SO
refer to cattle, poultry, and pigs, and sheep and other
animals, resp.).
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Microalgae have gained enormous consideration from scientific community worldwide emerging as a viable feedstock for a
renewable energy source virtually being carbon neutral, high lipid content, and comparatively more advantageous to other
sources of biofuels. Although microalgae are seen as a valuable source in majority part of the world for production of biofuels
and bioproducts, still they are unable to accomplish sustainable large-scale algal biofuel production. Wastewater has organic
and inorganic supplements required for algal growth. The coupling of microalgae with wastewater is an effective way of waste
remediation and a cost-effective microalgal biofuel production. In this review article, we will primarily discuss the possibilities and
current scenario regarding coupling of microalgal cultivation with biofuel production emphasizing recent progress in this area.

1. Introduction

World biofuel production has increased sevenfold since 2000
but still meets only 2.3% of final liquid fuel demands [1].
Worldwide energy consumption is projected to increase by
49% from 522 exajoules (EJ) in 2007 to 780 EJ in 2035 [2].
It is expected that two main energy resources, crude oil and
natural gas, will be diminished by 45.7 and 62.8 years and
estimated energy requirement will be tripled in 2025 [3].
Transportation is one of the fastest growing sectors using
27% of primary energy in current scenario and in India
annual oil consumption is about 5.5% which is going to
increase in the next decade [4]. Currently in India, diesel
alone meets an estimated 73% of transportation fuel demand
followed by gasoline at 20%; moreover, it is estimated that,
by the end of this decade, the average demand for transport
fuels will rise from an estimated 117 billion litres in 2013
to 167 billion litres and would grow further to reach 195
million liters by 2023 [5]. Fossil fuels make up 88% and
86.2% of the energy consumed by the world and USA [6].
The transportation and energy sectors are the major sources
in European Union (EU) responsible for more than 20%
and 60% of greenhouse gas (GHG) emissions, respectively
[7]. It is fully accepted that global warming increases in
response to (GHG) emissions [8] which reveals that there

is vital need for cleaner alternative to fossil fuels. Due to
continuous depletion of natural resources emerging energy
crisis and increasing fuel prices demands for an alternative,
scalable and sustainable energy source. Moreover, the entire
globe is facing two major challenges of freshwater shortage
and energy crisis [9]. Recently, renewable energies including
water, wind, solar, geothermal and especially biofuels have
gained much attention as a substitute to conventional energy
resources as they are sustainable, ecofriendly, and carbon
neutral and have potential to fulfil the energy needs of the
transportation sector.

Microalgae have potential to become an alternative
source of petrodiesel due to their sustainable photosyn-
thetic efficiency, ecofriendly approach, increasing depletion
of nonrenewable energy resources, and use of nonarable land.
Coupling wastewater with microalgae cultivation can be a
promising approach for biofuel production. This integra-
tion can offer an economically viable and environmentally
friendly means for sustainable algal biofuel production since
enormous amounts of water and nutrient (e.g., nitrogen and
phosphorus) can be recycled for algal growth in wastewater-
based algal cultivation system [10, 11]. Microalgae have dual
application of biomass production for sustainable biofuels
production and phycoremediation [12]. They have higher
photosynthetic efficiency and lipid content which can be
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harnessed for biofuels including biodiesel, bioethanol, bio-
hydrogen, and combustible gases. Microalgal biofuel systems
are capable of producing clean and sustainably produced fuels
for the future while eradicating the food versus fuel and forest
versus fuel concerns associated with first generation biofuels
and lignocellulosic processes based on wood feedstocks [13].
Although there had been enough debate on algal biofuels,
still they are not commercialized as their economic viability
is questionable. Despite being so advantageous, the technoe-
conomics of present microalgal biofuel production systems is
not effective to compete with petroleum-based conventional
fuels as it is accompanied with high cost production. The
major expenditure of a current algae biofuel technology
depends on algae cultivation system, harvesting, and lipid
extraction methods. But certainly their outlook is promising,
and both the developed nations and the emerging economies
are interested in algal fuels [14].

2. Microalgae: Advantages as
a Source of Biofuel

Microalgae are prokaryotic or eukaryotic photosynthetic
microorganisms, some of which can also form a chain or
colony ranging from a few micrometers to a few hundred
micrometers and are generally ubiquitous in nature. Algae are
a broad category that has no proper taxonomic classification
[15]. They are primitive plants (thallophytes), that is, lacking
roots, stems, and leaves, have no sterile covering of cells
around the cells, and have chlorophyll as their primary
photosynthetic pigment [16]. Algae can be divided into two
main categories, that is, macroalgae which are multicellular
and size up to several meters and microalgae are small size
organisms ranging from sizes 0.2 𝜇m to 100 𝜇m or even
higher [17]. Microalgae have high rate of areal biomass
productivity compared to traditional agricultural crops like
corn and soya bean and oil content in microalgae can exceed
80% dry weight of biomass [18]. Generally algae are divided
into five main groups:

(i) blue-green algae (Cyanophyceae),
(ii) green algae (Chlorophyceae),
(iii) diatoms (Bacillariophyceae),
(iv) red algae (Rhodophyceae),
(v) brown algae (Phaeophyceae).

Although Cyanobacteria (blue-green algae) are classified to
the domain of bacteria, being photosynthetic prokaryotes,
they are often considered as “algae” [19]. There are many
promising attributes of microalgae which make them desir-
able for biofuel production. The main source of carbon for
the growth of microalgae is atmospheric carbon dioxide [20].
Severalmicroalgae species can growwell onnonpotablewater
(brackish, wastewater, and seawater); their is a possibility
that biofuel production can be coupled with one of these
systems in future. This coupling does not compete for arable
land which can be used for agricultural purpose and also for
eliminating the use of freshwater resources. The production
of biofuels from algae can be coupled with flue gas CO

2

mitigation, wastewater treatment, and production of high-
value chemicals [21, 22]. Many species of microalgae produce
significant quantities of lipids which can be converted to
biodiesel through process of transesterification. Microal-
gal biodiesel has characteristics related to petroleum-based
diesel including density, viscosity, flash point, cold flow, and
calorific value.Microalgae can be harvested batch-wise nearly
all year round providing a reliable and constant supply of
oil [20]. Microalgae does not require the use of chemical
unlike terrestrial plants requiring herbicides or pesticides
which affect the environment adversely and increase the
cost of production. Lignin is generally absent in microalgae
and other large biopolymers (found in woody biomass) that
may hinder with biomass processing and conversion [23].
Apart from this, the residual algal biomass mainly composed
of proteins and carbohydrates can be processed to various
biofuels, including methane and alcohol fuels, and it can also
produce other nonfuel coproducts which can be recovered
and formulated into products with high market value such
as nutriceuticals, therapeutics, and animal feeds [24].

3. Microalgal Farming Using Wastewater for
Biofuel Production

Due to global expansion of human population and advanced
living standards of people, a high level of water pollu-
tion is generated worldwide. Wastewater is basically end
product generated by domestic, municipal, agricultural, and
industrial sources [25]. The composition of wastewater is
a reflection of the life styles and technologies practiced in
the producing society [26]. Wastewater generally contains
organic mass like proteins, carbohydrates, lipids, volatile
acids, and inorganic content containing sodium, calcium,
potassium, magnesium, chlorine, sulphur, phosphate, bicar-
bonate, ammonium salts, and heavy metals [27]. Excess of
these nutrient loads in surrounding water bodies causes
eutrophication or algal blooms often due to anthropogenic
waste production.

More than 300 million tonnes of biodegradable house-
hold and household-like wastes, industrial wastes, and other
wastes are generated every year in the European Union
and stay mostly unexploited [45]. Human beings generate
approximately∼3 billion tonnes of domesticwastewater every
year [46]. In India, annually, due to migration of people into
cities, the figures are expected to reach about 600 million
by 2030 making and simultaneously increasing pressure on
urban return flow (wastewater) which is usually about 70–
80% of the water supply [47]. The recent reports of Central
Pollution Control Board [48], NewDelhi, India, revealed that
the wastewater generation in the nation is around 40 billion
litres per day largely from urban areas and ironically only 20–
30% of the generated wastewater is subjected to treatment.
In majority of the developing nations, the main sources of
wastewater generation are domestic, municipal, agricultural,
and industrial activities which are foremost released into
environment without having sufficient treatment steps. Many
species of microalgae are able to efficiently grow in waste-
water environment through their capability to use abundant
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organic carbon and inorganic N and P in the wastewater [11].
Algae take up these nutrients along with CO

2
and produce

biomass through the process of photosynthesis. Microalgae
are the main microorganisms used in treatment of domestic
wastewater in units such as oxidation ponds or oxidation
ditches. Algae have also been deployed for low cost and
environmentally friendly wastewater treatment [49–51]. The
idea of coupling of wastewater as a medium for biofuel
production from algae is not innovative, as it was previ-
ously suggested in report of the Aquatic Species Program
(ASP) conducted from 1978 to 1996, U.S.A [10]. The main
constraint for wastewater-based algae biofuel production
system is to find ideal microalgae strains which could be
able to grow in wastewater environment with significant
nutrient removal efficiency showing high biomass and lipid
productivity.

Extensive work has been conducted by researchers [35,
37, 40, 52–54] from numerous parts of the world to explore
the feasibility of using microalgae for biofuel potential
from wastewater with nutrient removal property particularly
nitrogen and phosphorus from effluents. Researchers had
more focus on microalgal culture for N and P removal from
domestic sewage in comparison to industrial wastewater.
The reason behind this is that industrial wastewater, such as
tannery wastewater and chemical industry wastewater, has
more metal ions in addition to various organic N and P
compounds [39] and it is more toxic having heavy metal
contamination which does not facilitate the algal growth.
The total biofuel potential of algae, when grown in domestic
wastewater generated by 1000 urban centres in India, is ∼0.16
Mt/annum considering the lipid fraction as 20% [55].

3.1. Biomass Production from Wastewater Grown Microalgae.
Species selection, optimization of growth, lipid content, and
harvesting at large scale are the important factors which
govern the commercialization potential of algal biofuels. The
algal biomass produced and harvested from these wastewater
treatment systems could be transformed through a variety
of pathways to biofuels, for example, anaerobic digestion to
biogas, transesterification of lipids to biodiesel, fermentation
of carbohydrate to bioethanol, and high temperature alter-
ation to biocrude oil [56]. Economic feasibility of algal biofuel
production from wastewater treatment can be achieved by
high rate algal ponds (HRAPs) with low environmental
impact compared to commercial algal production by HRAPs
which consume freshwater and fertilisers [57]. The major
challenge in themicroalgae research for the existing high rate
ponds is designing an efficient and economical carbonation
system to fulfill the needs of high CO

2
requirement that

might improve the biomass productivity [58]. Viswanath and
Bux [59] isolated Chlorella sp. from wastewater pond and
screened it for its efficiency in lipid production by culti-
vating both photoautotrophic and heterotrophic conditions
in bioreactor. Maximum amount of biomass was recovered
from the Chlorella sp. grown under heterotrophic growth
conditions with 8.90 gL−1 compared to photoautotrophic
growth conditions which were about 3.6-fold lesser than
the former, resulting in the accumulation of high lipid
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Figure 1: The chemical reaction of transesterification process.

content in cells compared to autotrophic growth by enhanc-
ing lipid production by 4.4-fold. This study suggested that
heterotrophic growth of microalgae is an efficient method
for the production of biomass and high lipid content in
the cells, which can reduce the cost of microalgal biomass
production.

4. Harvesting Methods of Microalgae

Dewatering and harvesting of algal biomass are a necessary
step for concentrating algal biomass and for further releasing
triacylglycerols (TAGs) which can then be transesterified to
produce biodiesel (as shown in Figure 1). Harvesting and
dewatering are one of the challenging areas of current biofuel
technology as microalgae have small size and low density
increasing the capital cost. The difficulty is in releasing the
lipids from their intracellular location in the most energy-
efficient and economical way possible, avoiding the use of
large amounts of solvent, such as hexane, and utilising as
much of the carbon in the biomass as liquid biofuel as
possible, potentially with the recovery of minor high-value
products [60]. The major techniques presently applied in
microalgae harvesting and recovery include centrifugation,
flocculation, filtration, and flotation.

4.1. Flocculation. Flocculation is a process of forming aggre-
gates known as algae flocs that are often performed as a pre-
treatment to destabilize algae cells fromwater and to increase
the cell density by natural, chemical, or physical means.
Chemicals called flocculants are usually added to induce
flocculation, and commonly used flocculants are inorganic
flocculants such as alum [61, 62] or organic flocculants such as
chitosan [63] or starch [64]. The surface charge of microalgal
cells is generally negatively charged due to the ionization
of functional groups on the microalgal cell walls and also
by the adsorption of ions from the culture medium which
can be neutralized by applying positively charged electrodes
and cationic polymers, also commonly used to flocculate
the microalgal biomass. This harvesting method is pretty
expensive because of the cost of flocculants; hence flocculants
need to be inexpensive, easily produced, and nontoxic.

4.2. Centrifugation. Centrifugation is a widely used method
of separation on the basis of particle size and density sep-
aration. Separation efficiency is dependent upon the size of
desired algal species. Numerous centrifugal techniques have
been employed in various types and sizes depending on the
uses such as tubular centrifuge, multichamber centrifuges,
imperforate basket centrifuge, decanter, solid retaining disc
centrifuge, nozzle type centrifuge, solid ejecting type disc
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centrifuge, and hydrocyclone [65]. Despite being energy
intensive method, it is rapid and a preferred method for
microalgal cell recovery, whereas cell viability was found to
be significantly dependent on the microalgal species and the
method of centrifugation [66]. Even though it is very effec-
tive, centrifugation is considered unfeasible in large-scale
algal culture system due to the high capital and operational
costs.

4.3. Filtration. Filtration harvests microalgal biomass
through filters on which the algae accumulate forming thick
algae paste and allow the liquid medium to pass through.
Filtration systems can be classified as macrofiltration (pore
size of>10𝜇m),microfiltration (pore size of 0.1–10𝜇m), ultra-
filtration (pore size of 0.02–2𝜇m), and reverse osmosis (pore
size of <0.001𝜇m) [67]. There are many different forms of
filtration, such as dead end filtration, microfiltration, ultrafil-
tration, pressure filtration, vacuum filtration, and tangential
flow filtration (TFF) [68]. Nevertheless, it is accompanied
with extensive running costs and time consuming.

4.4. Flotation. Microalgae cells are trapped on microair
bubbles and float at the surface of water [69]. Generally, the
flotation efficiency is dependent on the size of the created
bubble: nanobubbles (<1𝜇m), microbubbles (1–999𝜇m), and
fine bubbles (1–2mm) [70]. Dissolved air flotation is a
widely used technique in which microalgal cells are usually
flocculated first and then air is bubbled through the liquid
causing the flocs to float to the surface for easier harvesting.
Hydrophobic interaction and surface charge of microalgae
play crucial role for attachment of microalgae to the bubbles.

5. Lipid Extraction Methods

Lipid is polymer of fatty acids which is generally hydrophobic
in nature and is classified as a polar (membrane lipids) and
nonpolar lipid (neutral lipids). Polar lipids interact with polar
solvents like ethanol and methanol and similarly nonpolar
lipids interact with nonpolar solvents like chloroform and
benzene which is the basis of designing solvent system for
lipid extraction methods [71]. This solvent system mainly
disrupts noncovalent interactions, hydrophobic interactions,
and hydrogen bonding between lipid and associated macro-
molecule like protein. Lipids are mainly composed of 90–
98% (weight) of TAGs, small amounts of mono- and diglyc-
erides, free fatty acids (1–5%), and residual amounts of
phospholipids, phosphatides, carotenes, tocopherols, sulphur
compounds, and traces of water [72]. The majority of the
lipid fraction is comprised of TAG content, an important
parameter for biodiesel production. The saturated (16 : 0)
and monounsaturated (18 : 1) fatty acids also play essential
role in determining the fuel properties of biodiesel such as
cetane number, oxidative stability, and cold flow [73]. Usually,
extraction of lipid from microalgae consists of dual steps:
cell disruption and solvent extraction. The lipid extraction
methods might work differently on a variety of algal species
as algae have an enormous variation in cell shape, size, cell
wall composition, and types of algal lipids.

Microalgae cell disruption can be achieved by sonication,
homogenisation, grinding, bead beating, or freezing [74].
The Folch et al. [75] method was originally optimized for
isolation and purification of total lipids from animal tissues
is also used for the extraction of total lipids from microalgae
using chloroform-methanol 2 : 1. The most commonly used
method for total lipid extraction from microalgae is the
Bligh and Dyer method [76] which uses chloroform and
methanol in 1 : 2. Another method for extraction of biooil
or other molecule is to carry out extraction using safe
and nonflammable solvent supercritical carbon dioxide (SC-
CO
2
) which solubilizes non polar compounds; when the

molecule of interest is not soluble, the solvent power can be
increased using a safe and polar modifier, such as ethanol
[77]. But it has few disadvantages; it is uneconomical for
large-scale, energy-consuming step of drying pretreatment
which limits its application for biofuel production. Rycke-
bosch et al. [78] optimized procedure for extraction of total
and nonpolar lipids from microalgae showing chloroform-
methanol 1 : 1 to be the best solvent mixture for extraction of
total lipids frommicroalgae. Sathish and Sims [79] developed
wet lipid extraction procedure capable of extracting 79% of
transesterifiable lipids fromwet algal biomass (84%moisture)
via acid and base hydrolysis (90∘C and ambient pressures),
and 76%of extracted lipids were further converted to FAMEs.
Ultimately, it is necessary to develop extraction method
having less organic solvent use, reduce contamination, and
avoid drying of algae to obtain significant cost reduction for
scaling upmass algal culture system for biodiesel production.

5.1. Lipid Analysis Methods. After lipid extraction, it is
important to identify and quantify lipid contents to screen
the desirable algal strains for their biofuel efficiency. Further
quantification of lipids requires separation of the crude
extract and quantification of the lipid fraction by thin-layer
chromatography (TLC), HPLC, or gas chromatography (GC)
[80]. The Nile red fluorescence method is also employed for
the determination of both neutral and polar lipids in algae
but has been unsuccessful in many others, particularly in
those with thick rigid cell walls that prevent the penetration
of this lipid soluble fluorescence dye [81]. Mostly, microalgal
lipid profiling is done by gas chromatography with flame
ionization detector (GC-FID) and is carried out using the
methylated ester form of the lipid [82].

5.2. Transesterification. Transesterification or alcoholysis is
the reaction of a lipid with an alcohol to form esters and a by-
product, glycerol [71]. This reaction actually converts highly
viscous raw lipid/oil into low molecular weight molecules in
the form of fatty acid alkyl esters which can be used as an
alternative fuel for diesel engines. Biodiesel is a term used to
describe “fuel comprised of monoalkyl esters of long-chain
fatty acids that are derived from vegetable oils or animal
fats” [83]. In a typical biodiesel reaction, TAGs enter into
a reaction with methanol which yields fatty acid methyl
esters (biodiesel) and glycerol as a waste product (as shown
in Figure 1). Mainly three approaches are used to produce
biodiesel; they are base catalyzed transesterification, acid
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catalyzed transesterification (with simultaneous esterification
of free fatty acids), and noncatalytic conversion [84, 85].

6. Lipid Productivity from Wastewater
Grown Algae

Lipid productivity takes into account both the lipid concen-
tration within cells and the biomass produced by these cells
and is therefore a more useful indicator of the potential costs
of liquid biofuel production [86]. High lipid productivity
is a key characteristic of a microalgal species for biodiesel
production [87]. Generally, algae produce lipids between
C
14

and C
20

in length. During stressful conditions like
nutrient limitation, algae change their biosynthetic pathways
and produce TAGs, which accumulate in the cytoplasm
for the purpose of energy and carbon storage [88, 89].
Nevertheless, deliberately, cultivation of algae in stressful
conditions can inhibit cell division, leading to decrease in
overall lipid productivity [33, 90]. This is one of the reasons
that it is difficult to maximize both high biomass and lipid
productivity simultaneously. But still to achieve substantial
cost reduction for the commercialization of biofuel pro-
duction; it is suggested that the near-term research should
be focused on maximizing lipid content with the help of
altering the phycological metabolism of the microalgal cell
and manipulation of cultivation system with the application
of advanced engineering and design system.

Although, in many cases, most of the microalgal species
reported with high lipid content does not adapt well to grow
in wastewater, many researchers had screened microalgal
isolates able to grow in wastewater effluents showing high
lipid content. Xin et al. [54] isolated a freshwater microalga
Scenedesmus sp. LX1 with high lipid content (around 25–
35%) from low nutrient environment, and they compared
Scenedesmus sp. LX1 with other reported 11 oily microalgal
species based on the growth and lipid accumulation prop-
erties while growing in the secondary effluent of domestic
wastewater. Scenedesmus sp. LX1 showed best growth and
accumulated the maximum lipid content in microalgal cells
in comparison to other microalgal species which could
not grow in the secondary effluent of domestic wastewater.
Zhou et al. [35] screened 17 top-performing strains iso-
lated from water bodies including wastewater from Min-
nesota which grew well in centrate (highly concentrated
municipal) wastewater. Five strains were promising, that
is, Chlorella sp., Heynigia sp., Hindakia sp., Micractinium
sp., and Scenedesmus sp., regarding their ability to adapt
to centrate municipal wastewater showing high growth
rates (0.455–0.498 d−1) and higher lipid productivities (74.5–
77.8mg L−1 d−1). Bhatnagar et al. [52] isolated three robust
mixotrophic microalgae isolated from industrial wastewater
and evaluated their growth potential in media supplemented
with different organic carbon substrates and wastewaters,
which showed 3–10 times more biomass production relative
to phototrophy. Devi et al. [53] evaluated the effect of sequen-
tial growth phase (GP) and starvation phase (SP) on the lipid
productivity of heterotrophically grown mixed microalgae
using domestic wastewater as a substrate. The mixotrophic

microalgae used in this studywereChlorella, Scenedesmus sp.,
Cosmarium sp., and facultative heterotrophs (centric and pin-
nate diatoms) alongwith few photoautotrophs (Cyclotella and
Oedogonium) and obligate photoautotrophs (P. boryanum).
Effect of nutrient supplementation and the results showed
that in growth phase (GP) operation with maximum N
+ P condition higher biomass (1.69mg/mL) was observed,
while higher lipid productivity was observed in starvation
phase with maximum in C condition (28.2%) showing
good wastewater treatment efficiency in terms of substrate
degradation and nutrient removal during the growth phase
operation.Moreover, when supplemented with CO

2
sparging

period and interval, it influences growth and lipid accumula-
tion of microalgae cultivated in domestic wastewater under
mixotrophic microenvironment. Sparging period of 120 s
documentedmaximumbiomass growth (GP, 3.4mg/mL) and
lipid productivity (SP, 27.3%), while, in intervals, 4 h (120 s)
condition showed maximum biomass (3.2mg/mL) and lipid
productivity (27.8%). Fatty acid composition revealed high
degree of saturated fatty acids (SFAs) varied with the
experimental variations signifying their utility as biodiesel
[91]. They also documented microalgal efficiency to utilize
acid-rich effluents from biohydrogen production process as
carbon source for lipid accumulation under heterotrophic
nutritional mode. Two types of substrates, namely, synthetic
volatile fatty acids (SVFAs) and fermentative fatty acids
(FFAs) collected from acidogenic H

2
producing bioreactor

were used for evaluating the lipid accumulation potential
in microalgae. Comparatively, FFAs documented higher
biomass and lipid productivity (1.42mg/mL (wet weight);
26.4%) than SVFAs 0.60mg/mL; 23.1%) [92].

In another study, fatty acid methyl ester (FAME) analysis
of A. protothecoides UMN280 showed that the microalgal
lipids were mainly composed of C

16
/C
18
fatty acids (account-

ing for over 94% of total fatty acid) making it suitable
for high-quality biodiesel production [36]. He et al. [93]
checked the feasibility of cultivating Chlorella vulgaris with
wastewater containing high ammonia nitrogen concentra-
tions. This study found that increasing NH

4

+-N from 17 to
207mg L−1 yielded additional short-chain and saturated fatty
acids. Lipid productivity peaked in its value of 23.3mg L−1 d−1
at 39mgL−1 NH

4

+-N. Hence, microalgae components could
bemanipulated by NH

4

+-N concentration of the initial feeds.
The biomass and lipid productvities of some of themicroalgal
species grown in different wastewater resources reported till
date is given in Table 1.

7. Nutrient Removal Efficiency

Growing algae depends on the availability of principal
nutrients like nitrogen, phosphorus, carbon, sulphur and
micronutrients including silica, calcium, magnesium, potas-
sium, iron, manganese, sulphur, zinc, copper, and cobalt.
Algal cells have the capability to uptake nitrogen and phos-
phorus fromwater [94, 95].Microalgae can be efficiently used
to remove significant amount of nutrients because they need
high amounts of nitrogen and phosphorus for protein (45–
60% of microalgae dry weight), nucleic acid, and phospho-
lipid synthesis [12]. The nitrogen in sewage effluent arises
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Table 1: Biomass and lipid productivities of microalgae grown in different wastewater resources.

Microalgae species Wastewater type
Biomass

productivity
(mg L−1 d−1)

Lipid content
(% DW)

Lipid
productivity
(mg L−1 d−1)

Reference

Chlorella pyrenoidosa Activated sludge extract 11.55 NA NA [28]

Chlorella pyrenoidosa Digested sludge
Extract 51.82 NA NA [28]

Chlorella pyrenoidosa Settled sewage 275 NA NA [29, 30]
Chlorella pyrenoidosa and Scenedesmus sp. Activated sewage 92.31 NA NA [29, 30]
Botryococcus braunii Secondarily treated sewage 35.00 NA NA [31]

Scenedesmus sp. Artificial
Wastewater 126.54 12.80 16.2 [32]

Polyculture of Chlorella sp.,Micractinium sp.,
Actinastrum sp. Dairy Wastewater NA 29.00 17 [33]

Polyculture of Chlorella sp.,Micractinium sp.
Actinastrum sp.

Primary clarifier
Effluent NA 9.00 24.4 [33]

Chlorella asccharophila Carpet mill 23 18.10 4.2 [34]
Scenedesmus sp. Carpet mill 126.54 12.80 16.2 [34]

Chlorella sp. Centrate Muinicipal
Wastewater 231.4 33.53 77.5 [35]

Hindakia sp. Centrate Muinicipal
Wastewater 275.0 28.30 77.8 [35]

Chlorella sp. Centrate Muinicipal
Wastewater 241.7 30.91 74.7 [35]

Scenedesmus sp. Centrate Muinicipal
Wastewater 247.5 30.09 74.5 [35]

Auxenochlorella protothecoides Concentrated Muinicipal
Wastewater 268.8 28.9 77.7 [36]

Chlamydomonas Mexicana Piggery Wastewater NA 33 ± 3.4
a
0.31 ± 0.03

a [37]
Scenedesmus obliquus Piggery Wastewater NA 31 ± 0.8

a
0.24 ± 0.03

a [37]
∗NA: Not Available.
aExpressed in dwt/L.

primarily from metabolic interconversions of extra derived
compounds, whereas 50% ormore of phosphorus arises from
synthetic detergents [27]. Nitrogen and phosphorus are the
two important nutrient compounds to analyze a water source
for potential algae growth. The principal forms in which
they arise in wastewater are NH

4
(ammonia), NO−2 (nitrite),

NO−3 (nitrate), and PO
4

3− (orthophosphate). The nutrient
removal efficiency of some of the microalgal species reported
till date is given in Table 2.

Algal growth and nutrient removal characteristics of
microalgae Chlorella vulgaris using artificial wastewater in
batch experiments showed that C. vulgaris can completely
remove up to 21.2mg L−1 ammonia-nitrogen concentration
but showed low phosphorus removal with 7.7mg L−1 initial
PO
4
-P concentration with 78% efficiency [94]. A promis-

ing strain A. protothecoides UMN280 isolated from a local
municipal wastewater plant shows high nutrient removal
efficiency aswell as its high growth rate and lipid productivity.
The results of the six-day batch cultivation showed that
the maximal removal efficiencies for total nitrogen, total
phosphorus, chemical oxygen demand (COD), and total
organic carbon (TOC) were over 59%, 81%, 88%, and 96%,

respectively, with high growth rate (0.490 d−1), high biomass
productivity (269mg L−1 d−1), and high lipid productivity
(78mg L−1 d−1) [36]. Studies have demonstrated ability of
Euglena sp. originally isolated from the sewage treatment
plants and showing good lipid content of 24.6% (w/w),
efficient nutrient uptakewithin a short span of eight days, and
profuse biomass productivity (132mg L−1 d−1) [44].

Sturm and Lamer [96] do an assessment on energy
balance of microalgal production in open ponds coupled
with nutrient removal from wastewater energy for algal
biodiesel production. They studied microalgal yields and
nutrient removal rate from four pilot scale reactors (2500
gallons each) fed with wastewater effluent from a municipal
wastewater treatment plant for six months, using a total
of 12 million gallons per day processed by the wastewater
treatment plant. Hence, it shows that the direct combustion
of algal biomass may be a more viable energy source than
biofuel production, especially when the lipid content of dry
biomass (10% in this field experiment) is lower than the high
values reported in lab scale reactors (50 60%). Yang et al.
[97] examined nutrients usages to generate 1 kg of microalgae
biodiesel using nonrecycled freshwater. It will require 3726 kg
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Table 2: Nutrient removal efficiency of microalgal species.

Microalgal species Wastewater type Nitrogen Phosphate COD Reference
Chlorella vulgaris Textile wastewater (44.4–45.1%) (33.1–33.3%) (38.3–62.3%) [38]

Scenedesmus sp. LX1
Modified effluent of a wastewater
treatment plant of an electric factory
by photo-membrane bioreactor

46% 100% NA [39]

Chlorella sorokiniana and aerobic
bacteria Potato processing industry >95 80.7 84.8 [40]

Chlorella sorokiniana and aerobic
bacteria Pig manure 82.7 58.0 62.3 [40]

Chlamydomonas sp. TAI-2 Industrial wastewater 100% 33% NA [41]
Auxenochlorella protothecoides
UMN280 Concentrated municipal wastewater 59% 81% 88% [36]

Chlorella Mexicana Piggery wastewater 62% 28% NA [37]
Scenedesmus obliquus Piggery effluent 23–58% 48–69% NA [42]
Chlamydomonas Polypyrenoideum Dairy industry wastewater 74%–90% 70% NA [43]
Euglena sp. Sewage treatment plant 93% 66% NA [44]
∗NA: Not Available.

of water, 0.33 kg of nitrogen, and 0.71 kg of phosphate and
also shows decrease of water and nutrients usage by 84% and
55% using recycling harvest water and reduction in 90% of
water requirement, eliminating the need for all the nutrients
except phosphate by using sea/wastewater as culturemedium.
In another study, 1L biodiesel was produced consuming
nutrient between 0.23 and 1.55 kg nitrogen and 29–145 g
of phosphorus depending on the cultivation conditions for
microalgae [98].

8. Conclusion

Presently, key bottleneck of biofuel production frommicroal-
gae is that the current technologies do not allow an economic
and sustainable biofuel production at today’s energy prices,
although high biomass, lipid productivity, and nutrient
removal efficiency of wastewater grown microalgae make
them promising as a feedstock for renewable energy. Fur-
thermore, there is need to analyse nutrient consumption
rates of wastewater derived algal biofuels, bioprospecting
of different wastewater habitats to explore indigenous oil
producing microalgal strains. Moreover, efforts should be
made by focusing research on development of large-scale
cost-effective cultivation systems.The coupling ofmicroalgae
cultivation with wastewater might provide possibility of
phycoremediation, CO

2
sequestration, and low cost nutrient

supply for the algal biomass utilization which will enhance
the economic outlook of microalgae-based biofuel produc-
tion systems.
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Carbonnanofibersmodified graphite fibers (CNFs/GF) composite electrodewas prepared for anode in high substrate concentration
microbial fuel cells. Electrochemical tests showed that the CNFs/GF anode generated a peak current density of 2.42mA cm−2 at a
low acetate concentration of 20mM, which was 54% higher than that from bare GF. Increase of the acetate concentration to 80mM,
in which the peak current density of the CNFs/GF anode greatly increased and was up to 3.57mA cm−2, was seven times as that
of GF anode. Morphology characterization revealed that the biofilms in the CNFs/GF anode were much denser than those in the
bare GF.This result revealed that the nanostructure in the anode not only enhanced current generation but also could tolerate high
substrate concentration.

1. Introduction

Microbial fuel cells (MFCs) are electrochemical devices that
use electroactive microorganisms to oxidize organic chem-
icals and generate electric power [1]. Based on the “green”
power source characteristic, the MFCs show great potential
inmany applications includingwastewater treatment, biosen-
sors, water desalination, remote power sources, biohydrogen
production, and heavy metal removal and recovery [2–4].
Currently, the limited performance is one of main obstacles
for the MFC on the way to practical application.

Anode related to the biofilm growth plays a crucial role
on the performance of MFCs. Recently, some measures have
been taken to improve the performance of anode, which
mainly included architecture design and surface modifi-
cation. Various macroporous carbons were developed for
anodes in MFCs, such as carbon papers [5], carbon cloth [6],
graphite rod [7], graphite fiber brush [8], reticulated vitrified

carbon (RVC) [7], graphite felt [9], electrospun carbon
fiber mats [10], natural plant derived carbon materials [11],
and layered corrugated carbon [12]. Simultaneously, some
composite materials prepared by surface modification were
also studied as high performance anodes in MFCs, such as
redox or conducting polymer [13–15] and nanocarbons [16],
modified carbon materials [17, 18], and carbon nanotube-
coated macroporous polymers [19, 20].

Though the highest anodic current density of 400Am−2
was obtained in one of our previous studies by using layered
corrugated carbon [12], the performance of these anodes
was measured under relatively low-concentration substrate,
for example, below 20mM acetate. Though a diversity of
substrates were employed as substrates in MFCs, including
saccharides, alcohols, and different kinds of wastewater,
which had been summarized in some review such as [21],
the study on the performance of anode in MFCs under
high concentration substrate was rare. The tolerance of high
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Figure 1: SEM images of ((a) and (b)) GF and ((c) and (d)) CNFs/GF.

concentration substrate would expand the application of
MFCs to treat high strength wastewater, thus showing great
help for practical application.

In this study, we report carbon nanofiber modified
graphite felt (CNFs/GF) for anode in high substrate con-
centration microbial fuel cells. CNFs/GF anode is prepared
by growth of CNFs on GF via chemical vapor deposition.
The anodic performance of the CNFs/GF anode in different
concentration of acetate is investigated, aswell as the behavior
of biofilms in the CNFs/GF, and compared with the bare
graphite felt.

2. Method

2.1. Materials Preparation and Characterization. Graphite
felt (GF) (Hunan Jiuhua Carbon High-Tech Co., Xiangtan,
Hunan, China) was firstly soaked in 10wt% FeCl

3
for 1 h and

then dried in a vacuum oven at 100∘C for 1 h. The growth
of carbon nanofibers onto GF was conducted in a furnace
equipped with a quartz tube. The GF was heated to 850∘C at
a rate of 5∘C/min in N

2
atmosphere, then inlet the mixture

of H
2
and N

2
(H
2
/N
2
= 1 : 4) at a total flow of 100mLmin−1

for 1 h to reduce the Fe (III) to Fe (0). Subsequently, let the
furnace cool down to about 750∘C and then inlet acetylene
with rate of 10mLmin−1 for 5min. After cooling down to
room temperature naturally, the CNFs/GFwas taken out.The
residue Fe in theCNFs/GFwas removed by socking it in 0.5M
hydrochloric acid solution and rinsed with distilled water. At
last, the sampleswere dried in the drying oven at 100∘C for 1 h.
Themorphology characterization of samples was observed by
a Tescan Vega-3 scanning electron microscope (SEM).

2.2. Electrode Preparation. Graphite plate (GP) cut into
pieces with size of 1 × 1 cm2 was connected with stainless
wire and encapsulated by epoxy resin. One side of GP was
polished by 2000 mesh sandpaper and used as support for
anode electrode. The CNFs/GF and GF were cut into pieces
with the same size as the GP and glued onto the polished GP
by conductive glue.

2.3. Electrochemical Measurement. Primary domestic wast-
ewater was collected from the wastewater treatment plant
(Qingshan, Nanchang, China) and used as the inoculum to
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select secondary biofilms through procedures following pre-
vious report [11]. All current density data in this paper refer
to secondary biofilms and the electrochemical performance
tests were conducted when the biofilms activity reached
stationary level.

The electrochemical measurements were carried out in
three-electrode half-cell, in which a 500mLbottle was assem-
bled with six working electrodes, one Ag/AgCl reference
electrode (saturated KCl, 0.198V versus standard hydrogen
electrode (SHE)) and one carbon felt counter electrode
(8 cm2). The experiments were carried out with computer
controlled potentiostat (CHI1040B) which was equipped
with eight channels in parallel. For the chronoamperometric
(CA) measurement, a potential of +0.2 V was applied onto
the working electrodes and the current was recorded. All
experimental operations were conducted anaerobically at
35∘Cwhichwas the optimal growth temperature of bacteriain
50mM phosphate buffer solution (pH = 7.0) with different
concentrations of acetate substrate. All of the electrode
potentials were given as versus Ag/AgCl and all of the current
density values were normalized to the projected surface area.

2.4. Biofilm SEM Imaging. The morphology of the biofilm
was characterized by scanning electron microscopy (SEM).
The biofilm samples for SEM characterization were prepared
as follows [11], biofilm samples were firstly fixed by 5wt%
glutaric aldehydes in 50mM phosphate buffer solution (pH
= 7.0), then dehydrated in a graded series of ethanol aqueous
solution (10%, 25%, 40%, 55%, 70%, 80%, 90%, and 100%),
and finally dried naturally at room temperature. After coating
a layer of gold, the biofilm sampleswere observed under SEM.

3. Results and Discussion

3.1. Morphologies of GF and CNFs/GF. Figure 1 shows the
SEM images of GF and CNFs. The diameter of graphite fiber
in theGF is about 10𝜇m.TheGFhas amacroporous structure
with pore size in the tens of micrometers. Detailed SEM
image in Figure 1(b) shows that the surface of GF is smooth.
After a CVD process, a layer of long length carbon nanofibers
with diameter of about 100 nm was successfully grown onto
the graphite fibers surface to form CNFs/GF composite
(Figure 1(d)), which is in accordance with the micro/nano
structures of carbon composite in [22]. The CNFs/GF dis-
plays a hierarchical micro-/nanostructures which would be
beneficial for the attachment of bacteria to the anode and
enhancement of electron transfer from inside bacteria to the
anode simultaneously.

3.2. Biocatalytic Current Generation of GF and CNFs/GF
Anode. The biocatalytic current generation curves of GF and
CNFs/GF anodes under different concentration of acetate
are shown in Figure 2. It can be observed that the CNFs/GF
anode achieves the maximum current density at the second
cycle, while the GF requires three cycles. This result demon-
strates the CNFsmodification enhances the attachment of the
bacteria to the anode. After running for six cycles under low
acetate concentration of 20mM, theGF andCNFs/GF anodes
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Figure 2: Biocatalytic current generation curves of GF (curves of
dotted line) and CNFs/GF (curves of solid line) under different
concentration of acetate measured in a half cell at 35∘C. The
arrows indicate the replenishment of the substrate with different
concentration of acetate.

all delivered a stablemaximumcurrent density.TheCNFs/GF
anode generates a maximum geometric current density of
about 2.42mA cm−2, which is 54% higher than that from GF
of about 1.57mA cm−2. By increasing the concentration of
acetate to 40mM, the current density of GF anode shows a
slight decrease to 1.17mA cm−2, while the CNFs/GF anode
produces a much higher current density of 3.23mA cm−2,
about 33% higher than that under 20mM acetate. By fur-
ther increasing the concentration of acetate to 80mM, the
maximum current density of the CNFs/GF anode keeps
increasing to about 3.57mA cm−2, in contrast, that of the bare
GF anode greatly decreases to only about 0.50mA cm−2. It
could be concluded that the CNFs/GF anode shows excellent
performance of tolerating high strength substrate and that
excellent performance is brought by the CNFs modification.
It was reported that nanocarbonsmodification could enhance
the attachment of the biofilm and the electron transfer from
inside bacteria to the surface of anode and thus increased
and stabled the anodic current generation [16–18, 22]. In this
paper, the CNFs modification not only increases the current
generation, but also shows high performance of tolerating
high strength substrate. That could also be attributed to
the enhancement of electron transfer (respiration) by the
CNFsmodification and acceleration of the metabolism of the
biofilms in the anode.

3.3. Morphology of Biofilms on GF and CNFs/GF. In order
to verify the anodic performance, after current generation
in media with 80mM acetate, the GF and CNFs/GF anodes
with biofilms are taken out. After fixation and drying, the
biofilms in the GF and CNFs/GF are observed under the
SEM. Figure 3 shows the images of biofilms grown in the
GF and CNFs/GF. It can be seen from the overview images
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Figure 3: Overview and detailed SEM images of ((a) and (b)) biofilms in GF and ((c) and (d)) CNFs/GF.

(Figures 3(a) and 3(c)) that the biofilms grown in the
CNFs/GF anode are denser than those in the GF anode.
Detailed observation of biofilms on individual fiber (Figures
3(b) and 3(d)) reveals that the biofilms on bare graphite
fibers are sparse, while those on the CNFs modified fibers are
very thick and have a thickness of about 5𝜇m on individual
graphite fiber according to the SEM image in Figure 3(d).
That confirms that the current generation for the CNFs/GF
is higher than that of the bare GF.

4. Conclusion

The performance of tolerating high strength substrate for the
CNFsmodifiedGFwas demonstrated.TheCNFs/GFnot only
generate enhanced current density in low strength acetate
media of 20mM comparing to the bare GF but also could
generate a much higher current density of 3.57mA cm−2 in
high strength acetate media of 80mM, which was 7 times
higher than that generated from bare GF. The performance
of tolerating high strength substrate was attributed to the
nanostructured CNFs which enhanced the electron transfer
from inside bacteria to anode (respiration) and accelerated

the metabolism of bacteria. Anode materials tolerating
high strength substrate would expand the applications of
MFCs in high concentration of substrate environment, for
example, high strength wastewater treatment from oil and
food industry.
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In this study, a microbial fuel cell (MFC) with switchable power release is designed, which can be logically controlled by
combinations of the most physiologically important parameters such as “temperature” and “pH.” Changes in voltage output in
response to temperature and pH changes were significant in which voltage output decreased sharply when temperature was lowered
from 30∘C to 10∘Cor pHwas decreased from 7.0 to 5.0.The switchability of theMFC comes from themicrobial anode whose activity
is affected by the combined medium temperature and pH. Changes in temperature and pH cause reversible activation-inactivation
of the bioanode, thus affecting the activity of the entire MFC. With temperature and pH as input signals, an AND logic operation
is constructed for the MFC whose power density is controlled. The developed system has the potential to meet the requirement of
power supplies producing electrical power on-demand for self-powered biosensors or biomedical devices.

1. Introduction

Microbial fuel cells (MFCs) are energy-producing devices
that can directly generate electric energy from the oxidation
of various organic matters with the aid of microbes. Since
MFCs are capable of generating electricity in an environ-
mentally friendly manner, they have attracted a great deal
of research attention over the past decades [1–3]. One of
the potentially important applications of MFCs is powering
sensors or biomedical devices. Tender et al. [4] and Zhang
et al. [5] succeeded in powering temperature sensors using
MFCs in natural environments. Siu et al. proposed thatMFCs
were capable of powering biological microelectromechanical
systems (bioMEMS) [6]. Recently, major research concerns
have been raised about increasing energy output of MFCs as
power supplies. In the case of powering sensors or biomedical
devices, switchable or tunable electrical power release would
be a great advantage for their application, given their adaptive
behavior and power production on demand.

Enzyme-based biofuel cells with self-regulating power
release have been intensively studied using switchable biocat-
alytic electrodes controlled by physical or biochemical signals
[7]. In such devices, the biocatalytic electrodes were usually
modified with signal-responsive materials that were sensitive
to triggering actions tomake the electrodes electrochemically
active or inactive. For instance, Katz and Willner reported
that the power production of a biofuel cell was switched ON
andOFFby integrating a biocatalystwith a copper polyacrylic
acid matrix of controllable conductivity properties [8]. Amir
et al. regulated the power release of a biofuel cell using
a pH-sensitive redox polymer [9]. The polymer allowed
switching between redox active and inactive states by pH-
induced swelling and shrinking processes, respectively. Other
biofuel cell systems with controllable power release were also
realized by being integrated with enzyme- or immune-based
systems, enabling the switchable and tunable functions of
the biofuel cells [10, 11]. Although promising progress has
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been achieved for enzyme-based biofuel cells, their long-
term stability and scalability need to be improved, and the
complicated manufacturing process of enzyme electrodes
severely limit their practical application.MFCs are promising
alternatives to enzyme-biofuel cells due to the use of whole
bacterial cells which are stable for a long time, scalable, self-
attachable on the electrodes as catalysts. Microbial electrodes
or assembled MFCs are capable of switching the electron
transfer process or self-regulating power release as well.
Yuan et al. developed a switchable microbial electrode with
electrical signal output by controlling the presence of acetate
and oxygen [12]. For the first time, Li et al. integrated an
MFC with an AND logic gate to self-regulate power release
[13]. However, a Pseudomonas aeruginosa lasI/rhlI double
mutant was employed as the biocatalyst and two quorum-
sensing signalingmoleculeswere used as input signals in their
study, involving rather complex genetic operations and slow
switching speed.

In this study, we demonstrated a simple method to
regulate the electricity generation from an MFC by control-
ling the most important physiological parameters (pH and
temperature), where a sharp thermal and pH response of
the microbial anode of the MFC has been logically designed.
The bioanode could switch between electrochemically active
and inactive states in response to the operation environment,
resulting in the “smart” bioelectricity generation from the
assembled MFC.The present paper extends the fundamental
research activity in bioelectricity generation of MFCs with
switchable or tunable functions.

2. Materials and Methods

2.1. MFC Construction and Startup. MFCs with an inner
volumeof 12mLwere constructed as previously reportedwith
minor modification on the anodes [14]. A cylindrical MFC
chamber with a length of 1.7 cm and a diameter of 3.0 cm
in the cathode side and 1.8 cm in the anode side was made
of plexiglass, resulting in a surface area of 7.0 cm2 for the
cathode and 2.5 cm2 for the anode.The cathode was prepared
with a 30% wet-proof carbon cloth (type B, E-TEK, USA)
with four layers of polytetrafluoroethylene (PTFE) (PTFE30,
DuPont, USA) coating. Pt/C (20% Pt, E-TEK, USA) was used
as the cathode catalyst with a Pt loading of 0.5mg cm−2. Car-
bon cloth (type A, E-TEK, USA) was used as the anode elec-
trode. Reactors were inoculated with 2mL activated sludge
(Liede Wastewater Treatment Plant, Guangzhou, China) in
10mL sodium acetate (1000mg L−1) culturemedium. Besides
sodium acetate, the culture medium contained KH

2
PO
4

(13.6 g L−1), NaOH (2.32 g L−1), NH
4
Cl (0.31 g L−1), NaCl

(1.0 g L−1), a vitamin stock solution (12.5mL L−1), and a
mineral stock solution (12.5mL L−1). Power density curves
were obtained by changing the circuit resistor from 50Ω
to 5000Ω. All tests were conducted in duplicate, and mean
values were presented.

2.2. UV-Vis Spectroscopy. Prior to spectroscopy measure-
ments, pure Geobacter strain was cultured and harvested.
Geobacter sulfurreducens strain PCA (ATCC 51573) was

cultured as previously reported at 30∘C using a vitamin-free
anaerobic medium [15]. Acetate was provided as an electron
donor at 30mM and 40mM fumarate as electron acceptor.
UV-Vis spectra of intact cells of PCA were recorded in dif-
fused transmission mode with bacterial cells suspended in a
bicarbonate buffer [16]. The cell suspension was injected into
a cuvette, and it wasmounted in front of an integrating sphere
to measure the diffuse transmission light. Full reduction of
the cells was achieved by adding sodium dithionite (25mM)
to the cell suspension and oxidation of the whole cell was
obtained by purging oxygen into the cell suspension for
10min before measuring.

2.3. Electrochemical Measurements. Electrochemical charac-
terization of the mixed-culture anode was carried out with
cyclic voltammetry (CV) using a CHI660D workstation
(Shanghai CH Instrument Company, China) with a three-
electrode system, where the biofilm-attached anode served
as the working electrode, saturated calomel electrode (SCE)
as the reference electrode, and the cathode as the counter
electrode. A phosphate buffer (0.05M; no culture medium)
was used as the electrolyte under no-turnover conditions. CV
under turnover conditions was measured when the voltage
output of the MFC at 1000Ω was maximized and stabilized.

2.4. Scanning Electron Microscopy. Prior to scanning elec-
tron microscopy (SEM) measurements, the mixed-culture
biofilm-attached electrodewas first fixed in a 2.5% glutaralde-
hyde solution for 1 h, then in a series of ethanol dehydration
solution (i.e., 25%, 50%, 75%, and 100% v/v EtOH; 0.5 h each
treatment), and after that, dried at the CO

2
-critical point for

3 h. The resultant specimen was coated with gold using a
coating device (Emitech K550X; UK) and observed under a
SEM (JEOL, JSM-6330F; Japan) at 20 kV.

3. Results and Discussion

3.1. Responses of Voltage Output to pH and Temperature
Variations. An MFC can be a very robust device when it
is subjected to short-term changes of operating parameters
such as temperature and pH. To probe the response of MFC
performance to these parameters, an MFC inoculated with
a mixed consortium was constructed. The structure and
morphology of the self-assembled mixed-culture bioanode
were characterized with SEM (Figure 1(a)). Nearly the entire
surface of the solid carbon cloth electrode was covered
with rod-shaped bacterial cells. Changes in voltage output
in response to temperature and pH changes were shown in
Figure 1(b). Voltage output decreased sharply when temper-
ature was lowered from 30∘C to 10∘C or pH was decreased
from 7.0 to 5.0. Previous studies reported similar changes
of the voltage output in response to temperature and pH
changes [14, 17, 18]. Gonzalez del Campo et al. pointed
out that temperature could affect MFC voltage output by
influencing microbial metabolism, membrane permeability,
and ohmic resistance of the electrolyte [17]. In the case
of effects of medium pH on the power generation of an
MFC, it was found that acidification of the anode affected
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Figure 1: (a) SEM images of the anode biofilm (inset: high resolution image); (b) voltage output versus time curves with the variation of
temperature and pH.

electricity generation by inhibiting the microbial activity
[18]. In addition, alkaline medium increased biosynthesis
of riboflavin from Shewanella, which could also enhance
bioanode performance [19]. It was important to note here that
a rather fast switching speed of voltage output (∼0.5 h) was
achieved by controlling the pH and temperature, benefiting
the next generation of bacteria-based computing circuits or
sensors [20].

3.2. CVs of Mixed Biofilm as Affected by pH and Temperature.
In addition to the abovementioned reasons, the electrochem-
ical activity of the redox species in the microbial electron
transfer chains is also greatly influenced by temperature and
pH, further affecting the whole extracellular electron transfer
process. Numerous studies claimed that c-type cytochromes
(c Cyts) located on the outer membrane of the microbes were
the key redox species participating in the extracellular elec-
tron transfer [21, 22]. Figure 2 showed the electrochemical
properties of the living c Cyts in the mixed-culture biofilm
under different temperature and pH conditions, which have
been rarely reported in previous studies. As shown in
Figure 2(a), similar to the CV features of a pure Geobacter
strain, there were two pairs of distinct redox peaks on the CV
curve for the biofilm in the nonturnover state, with formal
potential at −0.46V and −0.39V (versus SCE), respectively,
at 30∘C and pH 7.0. These two couples of redox peaks might
belong to two different outer membrane c-type cytochromes
of OmcB and OmcZ, respectively [21]. However, the redox
peaks positively shifted when the temperature went down.
The formal potentials were −0.44V and −0.37V (versus
SCE) at 20∘C and −0.42V and −0.35V, respectively (versus
SCE), at 10∘C. Moreover, the peak separations increased and
the peak currents decreased as the temperature decreased,
implying decreases in the electrochemical activities of c
Cyts. As a result, the electrochemical catalytical activity of

the anode biofilm dropped accordingly (Figure 2(b)). It is
worth mentioning that temperature caused more significant
change in the oxidation peak potential than in the reduction
peak potential, demonstrating greater influence of tempera-
ture on the oxidation process of the c Cyts. Similar changes
in the redox potential of c Cyts were also observed when
medium pHwas changed. As shown in Figure 2(c), when pH
decreased, the redox potentials positively shifted by ca. 40mV,
suggesting that the redox processes of these redox active
species were pH-dependent. The peak separations increased
and the peak currents decreased as pH decreased, indicating
decrease of the electrochemical activity of the c Cyts and
the electrochemical catalytical activity of the anode biofilm
(Figure 2(d)).

3.3. UV-Vis Spectroscopy Measurements of In Vivo c Cyts as
Affected by pH and Temperature. The effects of temperature
and pH on in vivo c Cyts were further evidenced by investi-
gating the whole cell using a UV-Vis spectroscopy. Bacteria
with outer membrane bonded c-type cytochromes showed
distinguished UV-Vis spectra with different redox states [23].
The oxidized c Cyts have a Soret band at 409 nm and a broad
band at 528 nm (Figure 3). After c Cyts were reduced by
sodium dithionite, reduced c Cyts show the Soret, 𝛽, and 𝛼
bands at 419, 520, and 550 nm, respectively. A similar shift in
the Soret absorption band was reported for purified c Cyts
[24]. These spectral features are typical of hexacoordinated
low-spin hemes and are obviously affected by environmental
stimuli. An apparent red shifting of the Soret band and
the absence of the peaks at 522 and 552 nm was observed
for the oxidized living c Cyts while the temperature went
down (Figure 3(a)). However, no shifting but a decrease in
intensity of the absorbance peaks for the reduced c Cyts
was observed when temperature decreased (Figure 3(b)).The
spectral features also changed when the medium pH was
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Figure 2: CVs of the anode biofilm under various temperatures by fixing pH condition under no-turnover state (a) and turnover state (b);
CVs of the anode biofilm under various pH levels by fixing temperature condition under no-turnover state (c) and turnover state (d).

adjusted. The Soret band of the oxidized c Cyts shifted to
393 nm with a lower intensity (Figure 3(c)). The position and
the intensity of the Soret absorption band were related to
the conformational state of the heme group in c Cyts and
the weakening of the heme crevice [25]. The appearance of
the Soret band at 393 nm demonstrated the formation of
a fully high-spin heme complex. No obvious shifts of the
Soret band but a weakening in absorption intensity for all
the bands were observed when the medium became acid.
On the other hand, the blue shifts of the Soret absorption
band of both the oxidized and reduced cytochromeswere also
observed under an alkaline condition. The results suggested
that environmental stimuli apparently had an effect on

the conformational state of the heme groups in c Cyts and
in turn the electrochemical properties of the c Cyts, which
provided an opportunity for tuning the extracellular electron
transfer of the whole cell.

3.4. The Combined Effect of pH and Temperature on the
Bioelectricity Generation from theMFC. To take advantage of
the switchable electrochemical activity of the whole cell by
the combined effect of pH and temperature, we constructed
a “smart” MFC. In such a device, bioelectricity generation
from theMFC could be controlled by temperature and pH.As
shown in Figure 4(a), the highest power output was achieved



The Scientific World Journal 5

350 400 450 500 550 600

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
Ab

so
rb

an
ce

Wavelength (nm)

30
∘C

20
∘C

10
∘C

(a)

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

Ab
so

rb
an

ce

350 400 450 500 550 600
Wavelength (nm)

30
∘C

20
∘C

10
∘C

(b)

350 400 450 500 550 600

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Ab
so

rb
an

ce

Wavelength (nm)

pH = 5.0

pH = 6.0

pH = 7.0

pH = 8.0

(c)

0.5

1.0

1.5

2.0

2.5

3.0
Ab

so
rb

an
ce

 

350 400 450 500 550 600
Wavelength (nm)

pH = 5.0

pH = 6.0

pH = 7.0

pH = 8.0

(d)

Figure 3: Electronic absorption spectra of G. sulfurreducens under various temperatures at pH 7.0 in oxidized state (a) and reduced state (b);
electronic absorption spectra under various pH values at 30∘C in oxidized state (c) and reduced state (d).

under the conditions of 30∘C and pH 7.0, while a very
low power output was generated under conditions of lower
temperature or pH. Based on this, a Boolean AND logic
operation was developed for power generation. In this logic
operation, pHand temperaturewere designed as input signals
(A and B signals, resp.), and the maximum power output was
taken as output signal (Figure 4(b)). Conditions of pH 7.0
and 30∘C were considered as logic input 1, and conditions
of pH 5.0 and 10∘C were considered as logic input 0. The
input signals were applied in all four combinations (0,0; 0,1;
1,0; and 1,1) as shown in Figures 4(c) and 4(d). The highest
power density for all MFC tests was obtained for input 1,1
(1600mWm−2). In contrast, the power output was at a low

level when input was 0,0, 0,1, or 1,0. The threshold of the
Boolean logic AND gate for the MFC was 180mWm−2.

4. Conclusion

In this study, the “smart”MFCpresented above demonstrated
for the first time the possibility to control the power output
of an MFC by adjusting environmental conditions according
to Boolean logic operations. This provides opportunities for
future sensor and bioelectronic devices logically controlled by
physiological parameters. “Smart” MFCs can be a promising
alternative to enzyme-based biofuel cell systems due to their
long-term stability, scalability, and easy handling properties.
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Figure 4: Polarization curves of the MFC under various conditions (a); equivalent circuit of an AND logic gate based on the MFC (b); the
maximum power output of the MFC for four different input combinations (c); and truth table for the logically controlled power output (d).

An MFC with switchable and tunable power release might
broaden its application in sensor,medical, and environmental
fields.
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Much effort has been devoted to the synthesis of novel nanostructured MnO
2
materials because of their unique properties and

potential applications as cathode catalyst inMicrobial fuel cell. HybridMnO
2
nanostructures were fabricated by a simple hydrother-

mal method in this study. Their crystal structures, morphology, and electrochemical characters were carried out by FESEM, N
2
-

adsorption-desorption, and CV, indicating that the hydrothermally synthesized MnO
2
(HSM) was structured by nanorods of

high aspect ratio and multivalve nanoflowers and more positive than the naturally synthesized MnO
2
(NSM), accompanied by

a noticeable increase in oxygen reduction peak current. When the HSM was employed as the cathode catalyst in air-cathode MFC
which fed with leachate, a maximum power density of 119.07mW/m2 was delivered, 64.68% higher than that with the NSM as
cathode catalyst. Furthermore, the HSM via a 4-e pathway, but the NSM via a 2-e pathway in alkaline solution, and as 4-e pathway
is a more efficient oxygen reduction reaction, the HSM was more positive than NSM. Our study provides useful information on
facile preparation of cost-effective cathodic catalyst in air-cathode MFC for wastewater treatment.

1. Introduction

Microbial fuel cell (MFC) is a promising biotechnology that
utilizes microorganisms as catalysts to decompose organic
or inorganic matter and simultaneously harvest electricity,
which present a new approach for generating electricity from
waste and biomass [1–4]. Air breathing microbial fuel cells,
typically characterized by using natural convection air-flow to
their cathodes, are attractive for wastewater treatment appli-
cations due to their simple single-chamber construction and
their unique ability to remove organic matter and generate
bioelectricity. In such oxygen cathode system, the function of
MFC would be significantly affected by the cathode perfor-
mance due to the poor kinetics of oxygen reduction reaction
(ORR).

To improveORRand simultaneouslymaximize the power
density, various kinds of electrocatalysts such as Pt [5], lead
dioxide [6], iron (III) phthalocyanine(FePc) and cobalt
tetramethoxyphenyl porphyrin(COTMPP) [7–10], Prussian
blue/polyaniline [11], iron related ethylenediaminetetraacetic

acid [12], Co/Fe/N/CNT [13], and Co-naphthalocyanine [14]
have been evaluated for their ORR activity in MFC cathodes
and the MFCs all exhibited good performances. However,
the high cost of platinum, the toxicity of lead dioxide, long-
term instability of the transition metal macrocycles, and
phthalocyanines make these alternatives impractical.

In the past decade, manganese dioxide has been studied
as one of the most promising cathode catalyst for alkaline
fuel cell and metal-air batteries application [15], and several
research groups have previously shown that nonprecious
manganese dioxide electrocatalysts were highly efficient for
catalyzing ORR and lowering overall cost at the same time
[16–18]. Recent studies had paid their attention towards car-
bon nanotubes (CNTs) coated with manganese dioxide and
MnO
2
nanoparticles [19–21]. However, very limited efforts

have been made to evaluate the activities of nanostruc-
tured manganese oxides. Roche et al. [22] found that the
power density of the MFC with carbon-supported MnO

2

nanoparticles can reach 161mW/m2 compared to 19mW/m2
for a benchmark Pt/C at room temperature, and when
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using nanostructured MnO
𝑥
as cathode catalyst the MFC

can achieved a peak power density of 772.8mW/m3 [23].
Thus, it is of significant to develop manganese oxides with
controllable morphology and nanostructures by using facile
methods for enhancing oxygen reduction and lowering the
cost of single-chamber MFC for wastewater treatment. In
this study, nanostructure manganese oxide prepared by
hydrothermal synthesis method is applied on MFC cathode,
which shows comparable catalytic capability to naturally
synthesized manganese oxide, and it could further facilitate
the scaling up of MFC.

2. Materials and Methods

2.1. Catalysts Preparation. The hydrothermally synthesized
nanostructure MnO

2
(HSM) was synthesized as described

elsewhere [24]. Briefly, 0.2 g MnSO
4
⋅H
2
O and 0.5 g KMnO

4

were dissolved in 100mL distilled water; then well-mixed
aqueous solution of KMnO

4
and hydrated MnSO

4
were

transferred to a Teflon-lined pressure vessel (QiangQiang
Instrument, Shanghai.) and loaded into an oven preheated
to 140∘C; the dwell time for the reaction chose 8 h when the
nanostructure MnO

2
was prepared. After the reaction was

finished, the pressure vessel cooled to room temperature nat-
urally.The precipitation formed was filtered and washed with
distilledwater until the pHof thewashwater was 7 and finally
dried at 100∘C in air. The same amounts of starting materials
were left in a beaker overnight for the formation of MnO

2

precipitate in order to see the structural evolution of nanos-
tructuredMnO

2
from room temperature to the hydrothermal

treatment. After the reactionwas finished, all operations were
the same as the synthesis of nanostructure MnO

2
.

2.2. Characterization of MnO
2

2.2.1. FESEM. The morphology of MnO
2
was characterized

with field emission scanning electronic microscopy (FESEM)
(HITACHI, S-4800).The specific surface areas ofMnO

2
were

measured by the Brunauer-Emmett-Teller (BET) method, in
which N

2
adsorption at 77K was applied and Carlo Erba

Sorptometer was used.

2.2.2. CV. Cyclic voltammetric (CV) measurements were
performed with an Autolab potentiostat (model PGSTAT 30)
with a three-electrode system (Ecochemie, Netherlands).The
glass carbon electrode (GCE, with a diameter of 3.0mm)
coated by catalyst severs as the working electrode a Pt wire
and Ag/AgCl (sat. KCl, 222mV versus SHE) were used
as the counter and reference electrodes, respectively. CV
measurements were performed from –0.6V to 0.2 V at a scan
rate of 100mV⋅S−1 in a 0.lM KOH electrolyte. The electrolyte
solution is bubbled with O

2
or N
2
to establish aerobic or

anaerobic environment, respectively, for 30min prior to each
scan series, and 3min between every two scans.

2.3. MFC Configuration and Operation. All MFCs were
operated at 30 ± 1∘C in a temperature-controlled incubator
(HPG-280H, China). The air-cathode MFC consisted of a
plastic (Plexiglas) cuboid chamber (2 × 5 × 5 cm3) [25] and

with amembrane electrode assembly on one side. Carbon felt
(8× 8 cm2, Panex 33160K, Zoltex) was used as the anode. Car-
bon cloth and cation-exchange membrane was hot-pressed
together to be cathode. Titaniumwire was inserted inside the
carbon felt and carbon cloth to connect the circuit. Active
area of the cathode was 25 cm2. For all tests, a 1000Ω external
resistance was fixed except as noted. And the anode chamber
of the MFC was filled with 40mL of leachate (collected
during the biodrying pretreatment ofMSW fromBoluowaste
treatment).

2.4. DataAcquisition. Thecell voltage outputsweremeasured
by a precision multimeter (Victory 9807A, China) and a
16-channel voltage collection instrument (AD8223, China)
which continuously monitored the voltages and transferred
data to the computer at an interval of 2min. To obtain a
polarization curve, the external resistor varied from 50Ω to
10000Ω when the voltage output approached steady state.
The corresponding voltages at different external resistances
were recorded and the power output (W), power density
(W⋅m−2), and current output density (A⋅m−2) were calculated
according to 𝑃 = 𝑈2/𝑅, 𝑃 = 𝐼𝑈/𝐴, 𝐼 = 𝑈/𝑅𝐴, where
𝑈(V) is the measured voltage, 𝐼(A) is the current, 𝑅(Ω)
is the external resistance, and 𝐴(cm2) is the active surface
area of the cathode, and individual electrode potentials were
measured versus saturated calomel electrode (SCE). The
external resistance was fixed at 1000Ω throughout all the
experiments except as noted.

3. Results and Discussion

3.1. Synthesis andCharacterization of theCatalysts. Thenano-
structured MnO

2
is synthesized by hydrothermal method

and MnO
2
(NSM) is precipitated at room temperature

naturally. SEM images of the obtained MnO
2
are displayed

in Figure 1. As can be seen from the pictures, the flowerlike
whiskers of MnO

2
were formed as the material prepared at

room temperature by natural synthesis, and when hydrother-
mally treated for 8 h, there has been an increase in the size
of the individual whiskers which replicates the formation of
nanostructured surface with a distinct platelike morphology,
and the nanoarchitecture with few rods evolving in addition
to nanostructured platelike morphology was observed, the
same as Subramanian found [24]. Moreover, the BET surface
areas of hydrothermal and NSM were determined to be 24.91
and 111.89m2/g, respectively (Table 1). For the HSM, the
nanostructure increases the BET surface area and is easier for
the organic substrates to be adsorbed on the cathodes, and
the high BET surface areas of MnO

2
catalysts could enhance

the oxygen absorption and electron acceptance on catalysts
surface. Oxygen vacancies created to fulfill an overall charger
balance can migrate onto the surface of MnO

2
nanorod

and play important roles in catalysis [18]. With the nanorod
surface properties and the existence of oxygen vacancies, the
MnO
2
should substantially increase the oxygen reaction rate

and electron acceptance capability. On the other hand, the
specific nanorod and platelike structure of theMnO

2
catalysts

facilitated oxygen adhesion.
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Table 1: Performance of MFCs based on different cathodic catalysts.

Catalyst OCV (V) Internal
resistance (Ω)

Maximum power
density (mW/m2)

Maximum current
density (A/m2) BET (m2/g)

Without catalyst 0.33 250 32.11 0.22 —
Naturally synthesized MnO2 0.47 200 42.05 0.29 24.91
Hydrothermally synthesized MnO2 0.50 150 119.07 0.49 111.89

(a) (b)

Figure 1: SEM images of MnO
2
prepared by different methods: (a) natural process; (b) hydrothermal process.The inset images are the higher

magnifications.

3.2. Electrochemical Characterization of the Catalysts. Cyclic
voltammograms recorded at scan rate of 100mV/s for natu-
rally and hydrothermally synthesized MnO

2
in a 0.lM KOH

electrolyte under aerobic (bubbled with O
2
) and anaerobic

(bubbled with N
2
) environment are shown in Figure 2. It

can be seen from the figures that the MnO
2
possesses a

reduction peak (−0.5 to −0.3 V) in aerobic environment but
no peak in anaerobic environment (Figure 2), indicating the
peak attribution to the catalyzed ORR process.

Comparing with the naturally synthesized MnO
2
, the

peak potential of HSM was −0.385V versus Ag/AgCl, more
positive than that for naturally synthesizedMnO

2
(−0.443V)

and the HSM with a noticeable increase in oxygen reduction
peak current (Figure 2).This may suggest an effective dispro-
portionation of the electrogenerated hydrogen peroxide by
the HSM nanorods and nanostructured platelike [23]. More
importantly, the improved dispersion of nanostructured
MnO
2
favors oxygen adsorption due to its larger BET, facil-

itating electron transfer through the film and decreasing the
ORR over potential. In addition, the presence of oxygenated
groups on the surface of cathode catalyst, partially due to
oxidation by permanganate, may facilitate oxygen reduction,
as reported by Kinoshita [26]. Thus, as the NSM is relatively
low adsorption of oxygen and weaker ORR performance, it
was expected that between the naturally and hydrothermally
synthesized MnO

2
, the HSM would constitute a more effec-

tive cathode catalyst material for MFCs.

3.3. MFC Performances with Various Catalysts. The perfor-
mance of MFCs with the NSM and HSM was evaluated
alongside that of the cathode without loading catalyst by
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Figure 2: Cyclic voltammograms of MnO
2
for ORR at scan rate of

100mV/s in 0.lM KOH. (a) Electrolyte bubbled with N
2
; (b) NSM;

(c) HSM. (b)-(c) Electrolyte bubbled with O
2
.

monitoring cell voltage output, anode and cathode polariza-
tion, and power density. As shown in Figure 3, a maximum
stable voltage of 0.42V was delivered by the MFC loading
with HSM, which was larger than loading with NSM (0.34V)
and without loading catalyst (0.21 V) MFCs achieved. The
main reason for the higher power generation of HSM MFC
was thatHSMpossessed high oxygen reduction rates (ORRs),
and the low voltage generation of MFC without loading
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Figure 3: The voltage of MFCs with different cathode catalysts. (a)
Cathode without loading catalyst; (b) cathode loading with NSM;
(c) cathode loading with HSM.

catalyst could be explained by its higher 𝑅in (250Ω, as
shown in Table 1). The difference of 𝑅in among these MFCs
may have been due to the electrical characteristics of the
various catalysts, particularly conductivity [18]. Therefore,
the sufficient dispersion of nanostructured MnO

2
over the

cathode surface resulted in high conductivity and decreased
the cathodic resistance, thus achieving a better performance
in the MFC loading with HSM.

Power densities of different catalysts were compared
using a polarization curve measurement. The HSM-based
MFC had the highest maximum power density than NSM-
based MFC and without loading catalyst MFC. The Maxi-
mum power density (based on 25 cm2 projected anode sur-
face area) of 119.07mW/m2 (about 5.95W/m3 based on
50 cm3 anode volume, which was about 6.7 times higher
than electrochemically deposition nanostructured MnO

𝑥

(772.8mW/m3) [23]), was obtained with HSM as cathode
catalyst (with a current density of 0.49A/m2), while a
maximum power density of 32.11mW/m2 and 42.05mW/m2
was achieved at current densities of 0.22A/m2 and 0.29A/m2
without any catalyst or with NSM as cathode catalyst
(Figure 4(a)), about 73.03% and 64.68% lower than that with
HSM, respectively. The results of this investigation on the
dependency of power generation inMFCs are consistent with
the results of the BET studies. To understand this observation
better, the individual electrode potentials were alsomeasured
(Figure 4(b)). The anodic potentials were almost identical
in all case due to the matured anodic biofilms, whereas the
cathodic potentials were varied, so it was evident that the
cathode was the limiting factor in these MFC reactors. For
instance, in hydrothermally synthesized MnO

2
MFC, with

the increased current densities of 0–0.8 A/m2, the anode
potential increased insignificantly from −0.52 to −0.46V,
whereas the cathode potential dropped from−0.17 to−0.36V;
the larger driving force with an over potential of 0.19 V

required for the cathode compared to the value of 0.06V
required for the anode indicates that power generation from
the MFC was dominated by cathode polarization. This is
also consistent with the higher OCV (Table 1) and the lower
internal resistance of HSM-based MFC than NSM-based
MFC, since the lower internal resistance would result in
a less ohmic loss and less polarization [27]. Therefore, the
results indicated that MnO

2
prepared with a hydrothermal

synthesis method could be effectively used as a catalyst in
single-chamber air-cathode MFCs to generate current.

3.4. Oxygen Reduction Mechanisms. TheORRmechanism in
alkaline media on MnO

𝑥
is usually described by the partial

2-electron reduction of O
2
as follows:

O
2
+H
2
O + 2e− → HO

2

−
+OH− (1)

HO
2

−
+H
2
O + 2e− → 3OH− (2)

2HO
2

−
→ O

2
+ 2OH− (3)

Manganese oxides were found to facilitate the decom-
position of hydrogen peroxides, according to the HO

2

−

disproportionation reaction (3) [28]. Oxygen can then be
reduced according to the reaction (1); the overall reaction is
then the apparent 4-electron reduction of O

2
:

O
2
+ 2H
2
O + 4e− → 4OH− (4)

The 4-electron process to combine oxygen with electrons
and protons directly to produce water as the end product;
however, 2-electron processes involving the information
of hydrogen peroxide ions as the intermediate. And the
hydrogen peroxide ions are corrosive and can degrade the
membrane and/or corrode the fuel cell cathode [29, 30].
Furthermore, Cao et al. [31] have studied the mechanism of
the ORR in several MnO

2
-catalysed air electrodes. It was

found that the ORR is accompanied by the reduction of
MnO
2
and that the catalytic activity is dependent on the

electrochemical redox activity of these species. In addition,
the oxygen reduction at MnO

2
-catalyzed air cathode pro-

ceeds through chemical oxidation of the surface Mn3+ ions
generated by the discharge of MnO

2
rather than through a

direct two-electron reduction as previously suggested.
According to Bard and Faulkner [32], the number of

electron transfer (𝑛) involved in the oxygen reduction at 25∘C
could be estimated with Randles-sevcik equation (5):

𝑖
𝑝
= 0.4463(𝐹𝑛)

(2/3)
𝐴𝐷
𝑜
𝐶
∗

𝑜
𝑉
(1/2)
(𝑅𝑇)
(−1/2)
, (5)

where 𝑖
𝑝

is peak current (A), 𝐹 is Faraday’s constant
(96485C/mol), 𝑛 is the number of electrons appearing in
half-reaction for the redox couple, 𝐴 is the electrode area
(cm2), 𝐷

𝑜
is the electrolyte’s diffusion coefficient (cm2/s), 𝐶∗

𝑜

is the concentration of electrolyte at the electrode surface
(mol/cm3), 𝑉 is the potential scanning rate (v/s), 𝑅 is the
universal gas constant (8.314 J/mol⋅K), and 𝑇 is the absolute
temperature (𝑡+273.15K). At 25∘C, for𝐴 in cm2,𝐷

𝑜
in cm2/s,

𝐶
∗

𝑜
in mol/cm3, and 𝑉 in v/s, 𝑖

𝑝
in amperes is as follows:

𝑖
𝑝
= (2.69 × 10

5
) 𝑛
(2/3)
𝐴𝐷
𝑜
𝐶
∗

𝑜
𝑉
(1/2)
. (6)
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Figure 4: Performance of MFC equipped with different catalysts. (a) Cathode without loading catalyst; (b) cathode loading with NSM; (c)
cathode loading with HSM.

𝐴 in this study was approximately 0.07 cm2. Then according
to the data shown in Figure 2, 𝑛 in NSM is calculated to be
2.2, but in HSM it is calculated to be 4.3, suggesting that an
apparent 2-e reduction of oxygenwas achieved on theNSM in
alkaline pH solution, but an apparent 4-e reduction of oxygen
was achieved on the HSM. This result is the same as the one
on MnO

𝑥
/C using ring-disc electrode in alkaline solution

[22] and the one on electrochemically deposition MnO
𝑥

nanorods in neutral solution [23]. Moreover, the previous
studies indicated that 4-e pathway is more efficient than 2-
e pathway [30, 33].This result further confirmed the previous
outcome in this study.

4. Conclusions

In this study, by hydrothermal synthesis method a nanorods
evolving in addition to nanostructure platelike morphology
MnO
2
is synthesized, characterized, investigated by SEM and

CV methods in alkaline solution and finally incorporated
into air-cathode MFCs as cathode ORR catalysts. It is shown
that the nanostructure MnO

2
has quite good capability for

ORR catalysis and has an electrochemical activity towards
ORR via a 4-e pathway in alkaline solution which is more
efficient than 2-e pathway as the NSM undergo. When the
MnO
2
are applied onto air-cathodeMFC, the performance of

the nanostructured MnO
2
-based MFC is more efficient and

stable than the natural synthesis MnO
2
. Our findings provide

useful information to develop appropriate nanostructured
MnO
2
catalysts towards oxygen reduction in MFC using this

facile method. Due to its low cost, easy preparation, and good
MFC performance, this catalyst could be a very promising
electrocatalyst for air-cathode MFC. It is believed that this
efficient and economic catalyst could facilitate the scaling
up and commercialization of MFC reactors for practical
applications.
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