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Abstracts: There is not enough land for the current bioenergy production process because
of its low annual yield per unit land. In the present paper, an integrated biomass production
and conversion process for sustainable bioenergy is proposed and analyzed. The wastes
from the biomass conversion process, including waste water, gas and solid are treated or
utilized by the biomass production process in the integrated process. Analysis of the
integrated process including the production of water hyacinth and digestion for methane in
a tropical area demonstrates several major advantages of the integrated process. (1) The net
annual yield of methane per unit land can reach 29.0 and 55.6 km?/h for the present and
future (2040) respectively, which are mainly due to the high yield of water hyacinth, high
biomethane yield and low energy input. The land demand for the proposed process
accounts for about 1% of the world’s land to meet the current global automobile fuels or
electricity consumption; (2) A closed cycle of nutrients provides the fertilizer for biomass
production and waste treatment, and thus reduces the energy input; (3) The proposed
process can be applied in agriculturally marginal land, which will not compete with food
production. Therefore, it may be a good alternative energy technology for the future.
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1. Introduction

Energy security and emission of massive quantity of CO2 associated with the greenhouse effect
of present energy infrastructure have raised attention to the bioenergy [1,2]. There is a great need for
sufficient renewable energy supplies which do not compete with food supply and cause environmental
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harm, as the global demand for energy and food will double within the coming 50 years [3,4]. Current
food based on biofuel production not only competes for fertile land with food production, increases
pollution from fertilizers and pesticides, and threatens biodiversity when plenty of natural land is
applied to biofuel production [5], but also provides only a small part of the energy demand [6]. Biofuel
based on agriculturally degraded lands to produce grass or wood [7] has low biomass yield [8].
Conversion of these lignocellulosic biomass to bioethanol or synthesis fuel [9] has low efficiency and
high energy input [10]. Both of them result in the low net annual biofuel yield per unit land, such as
4400 L/km?/year bioethanol produced in the Midwest of the US [8], so a large amount of land is
needed to replace the fossil fuel with the renewable biofuel: 58% of US land area is needed for
production of biofuel to replace the current oil consumption of the United States transportation sector [11].
The low yield of the biomass also limits the scale of the biofuel production factory which leads to high
cost of the biofuel. The independent production and conversion of the biomass as shown in Figure 1 also
increases the energy input and production cost.

Biomass .
—4Trans onatlonHPretreatment
production P ‘
I Waste |« Conversiom—Biofuel
Fertilizer treatment T
Chemicals

Ordinary bioconversion process for production of biofuel

Water h.yacinth Transportation
production

Fertilizer <—Waste<—(@—' Biofuel

Integrated biomass production and digestion process for biofuel

Figure 1. Ordinary and integrated biomass production and conversion process for
production of biofuel. Virtues of Integrated Water hyacinth production and digestion
process (down): (1) use waste of bioconversion process as fertilizer for biomass
production; (2) does not need to input fertilizer, chemicals for biomass production; (3) does
not need pretreatment of biomass and waste treatment for digestion.

Recently, a hybrid hydrogen-carbon process is proposed to reduce the land area requirement to
920,000 km? for the US transportation sector [11], but a renewable hydrogen production is needed to
provide 239 billion kg hydrogen per year and the technology for large scale hydrogen production with
low cost is still in development [12].

To overcome the environmental challenges and land limitation associated with bioenergy, we
propose to integrate the biomass production and conversion process to obtain high bioenergy yield so
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as to decrease land requirement and reduce environmental harm [13]. We estimate the net energy of the
processes produced in a unit land over a year.

2. Integrated Biomass Production and Conversion Process for Bioenergy Production

Current bioenergy production process (Figure 1 up) includes the biomass production, transportation,
pretreatment, conversion and waste treatment [14]. More than ten biomass conversion methods have
been extensively studied [15], and the digestion process is one of the mature processes [16]. However,
the biomass production process is not dependent on the biomass conversion process. Fertilizer and
many chemicals are needed for production and conversion of biomass.

In our proposal (Figure 1), a floating aquatic plant with low lignin content grows in a greenhouse to
produce biomass continually and is then digested to biogas [17]; methane and carbon dioxide in biogas
are separated with a washing process [18], methane is output as fuel of automobiles [19], and/or
burned to produce electricity through combined gas and steam cycle power generation system. The
pretreatment is not needed because the biomass with the low lignin content can be well digested.
Nutrients in the biomass remain in the digestate, and are recycled to greenhouse as fertilizer [20] for
biomass production, which maintains the mass balance of the whole process, because some floating
aquatic plants, such as water hyacinth, can grow well in wastewater with high yield, remove organic
pollution and nutrient simultaneously as observed [21]. The COz2 is not only the main by-product of the
biomass conversion process, but also the main reactant to photosynthesize the biomass. It is helpful for
biomass production to increase the CO2 concentration in greenhouse [22], so COz is recycled to the
greenhouse. The biomass production and conversion, as well as the waste treatment, are integrated in
the proposed process, the produced biomass is the feedstock of conversion bioreactor, and the digestate
generated by the biomass conversion process, in turn, provides the fertilizer for biomass growth to
guarantee a high yield of biomass; the pollution produced from the bioconversion process is removed by
the aquatic plant during biomass production without additional waste treatment. The surplus heat from
power generation can be applied for heating the digester or pond water. Both energy input and output
come from sunlight during the bioenergy production. The methane or electricity is generated through
the proposed process. As methane can also be used in automobiles to replace liquid fuel [19], the
process can provide energy to replace fossil fuels. External substance and energy provision are hardly
needed during the daily operation of the proposed process for production of electricity except solar
energy; only carbon dioxide and solar energy are needed for production of methane, but it can be supplied
by air, so it is sustainable.

3. Net Energy Analysis

The net annual energy yield per unit land of the integrated process is evaluated to estimate the land
area requirement to produce biofuel for global transportation or electricity instead of fossil fuel.
It equals the total energy produced minus energy input for the bioenergy production on a unit land in a
year. The total energy produced annually on a unit land is decided by the annual yield of the biomass
per unit land and energy conversion efficiency of the biomass to the methane. Energy input is the sum
of the energy consumed annually by the biomass production, transportation and conversion per unit
land, it is provided with the methane which is converted to electricity and heat for energy consumption
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of the process. We evaluated a water hyacinth production and conversion to produce methane or power
in a 15 km? tropical pond. A detailed estimation of the processes is fulfilled with a Microsoft excel sheet.

Estimation of water hyacinth yield: Water hyacinth is listed as one of the most productive plants
on Earth, and can grow well in tropical area for the whole year [21,23]. A wide range of values for the
productivity of this plant have been registered in the literature (Table 1). These values were calculated
in different ways [24]. Knipling et al. [25] estimated that the annual production could be as high as
269 dry t/ha. Wolverton and McDonald determined a seven-month biomass production of 154 dry t/ha
when water hyacinth grew in wastewater treatment pond in south Mississippi, USA [21]. It is mainly
related to the water temperature and nutrient concentration. In the present process, the digestate is
recycled to maintain the high nutrient concentration of the pond; a greenhouse is built to maintain the
water temperature. We use 154 dry t/ha as an annual yield of present case, which is a conservative
estimation, and will be increased by 20% for the future (2040) in optimum conditions especially
adding a greenhouse for the plant growth. It is more than 20 times that of the grass in the US Midwest,
which is only about 7 t/ha [8].

Table 1. Water hyacinth yield reported in the literature.

Reporter Biomass Yield (dry t/ha/year) Growth Condition Growth Location Ref.
Determined fi
Wolverton and ) crermined from Hancock and Lucedale
154 (in 7 month) wastewater D [21]
McDonald Mississippi
treatment
R D rth
Gutiérrez et al. 140 Eutrophic lake equenia Ljam 1o [26]

latitude 19°57'

Estimation fi
Knipling 269 Stmation ot [25]
optimum condition

Determined fi
Wooten and Dodd 106 (290 kg/ha/day) cterined from Ames, lowa [27]
treated sewage

Yount and Determined f
outan 197 (540 kg/ha/day) ctermined Tor [28]

Crossman eutrophic lake

Estimation of energy conversion efficiency for conversing water hyacinth to biogas:
Conversing biomass to biogas or methane is a well established technology [17,20]. The possibility of
converting water hyacinth to biogas has also emerged as an area of major interest for many years [29].
Productivity of up to 670 L biogas per kilogram volatile water hyacinth have been reported, which
indicates that more than 90% energy conversion efficiency has been achieved [30] (Table 2).
Generally, the lignin in plants cannot be converted to bioethanol through fermentation; however, only
about 3%—6% of the water hyacinth is lignin [21], which is much lower than the 20%—-50% of lignin in
grass or wood. The water hyacinth has much more protein and fat than grass or wood, which cannot be
converted to ethanol, but most of the components in water hyacinth including protein, fat and part of
lignin can be digested to biogas [31,32], so high efficiency is easily obtained; for example, up to 95.7%
energy conversion efficiency [33] was obtained using the mixture of activated sludge and water hyacinth.
Here we use 12 L methane/kg fresh water hyacinth or 240 L methane/kg dry biomass for the present
methane production which is equal to 62% energy conversion efficiency, which is much less than the
experimental result [30], and much better than bioethanol process or other processes [15]. It will
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increase to 18 L/kg (about 93% energy conversion efficiency) fresh biomass or 360 L/kg dry biomass
in the future [21] which is also less than the present experimental data [33].

Table 2. Methane yield of the water hyacinth by anaerobic digestion reported in literature.

Report Methane Yield Reactor Energy Conversion Yield Reference
Chin and gas 0.67 L/g volatile,
Lab and field scal 90.0° 30
Goh (1978) 60% methane aband feld seate & [30]

Kivaisiand  Biogas with 80% CH4;  Biphasic reactor (rumen

. . 78.8% 34
Mtila (1998) average yield 0.44 L/g vs reactor + UASB) ° [34]
Beljeti Non-mixed vertical
e Jetnd, 0.49 L methane/g vs on-mixed vertica 95.7% [33]
1987 flow reactor

Based on the above water hyacinth yield and methane conversion efficiency, the gross methane
yield per unit land was estimated as 36,220.8 m*/a/h and 65,197.4 m’/a/h which are equal to 41.2 and
74.1 kW/h for the present and future cases respectively. The gross energy of produced methane of the
whole system is 1.947 x 10° MJ/a and 3.505 x 10° MJ/a which is equal to 61.75 and 111.15 MW
respectively for the present and future cases respectively.

Energy input for biomass production is generally consumed by the following processes:
production and transportation of seed, herbicide, pesticide and fertilizer [35]. Water hyacinth
reproduces sexually by seeds or vegetatively by budding and stolon production. For the sake of rapid
spread, the vegetative propagation is more important [29,36], so seed is not necessary for water
hyacinth production especially in tropical area or greenhouse. Water hyacinth is considered to be one
of the worst weeds and is difficult to control because of its high growth rate [29]. Under favorable
conditions of sunlight, temperature and nutrient, the vegetative propagation is very fast [29], so
herbicide and pesticide will be seldom used. The anaerobic residue and liquid effluent from digestion
of biomass are used as fertilizers directly [20]. The nutrient in the system can be well recycled because
it is enclosed in a greenhouse with a waterproof pond. The loss way of nitrogen fertilizer is the
conversion of ammonia to nitrogen which happens in the following way: first, ammonia is nitrified
aerobically in the water of pond under low organic concentration, and then converted to nitrogen
through denitrification under high organic concentration and anoxic condition. Therefore, it is hard to
meet all conditions to emit the nitrogen in the pond or digester. It was reported that N2O emitted from
denitrification is hardly detected in a similar case of the water submersed rice paddy [37]. Therefore,
conversion of ammonia to nitrogen will hardly happen in the present water submersed pond. Ammonia
emitted to biogas in the digester can be less than 9 ppm by controlling pH [38], and be scrubbed partly
through water washing process for methane purification and entered pond again in greenhouse.
Therefore, we ignore the loss of nitrogen fertilizer in the whole process. The potassium and phosphate
exist in solid and liquid phases in the system and are also recycled very well after initial provision.
Therefore, chemicals are hardly needed, the related energy input for water hyacinth production is very
little and can be ignored.

Energy input for water hyacinth transport in the pond: An open-closed ditch is used for
biomass production in greenhouse, in which an underwater propeller is used to drive water flow in the
ditch. This kind of design also promotes the growth of the water hyacinth as the nutrient in the pond
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can be better absorbed by the water hyacinth. The floating aquatic plant is transported by the flowing
water to fixed position to be collected, crushed to slurry, and pumped to digester. Energy input is
consumed by the propeller; collecting equipment and transportation pump for collection and
transportation of the water hyacinth. Energy consumed by propeller is used to drive the water in the
ditch to overcome the water flow resistance. It is estimated with Rozovskii’s equation for additional
water head loss of curve ditch and Chezy’s equation for straight ditch [39].
2 2

E:ngxh/n=WHVng[(24@+6o% %%+%% ;—g/n 1)
where Q is the flow rate across the section of the ditch (L/s), g = 9.8 m?/s, the gravitational accelerated
velocity, h is the head loss of the water, 1 = 10%, is the efficiency of the propeller which comes from
the analysis of the experimental data of the propeller in the oxidation ditch for wastewater treatment,
W = 2000 m, is the width of the ditch, H = 1 m, is the depth of the water in the ditch, v = 0.04 m/s is
the flow velocity of the water in the ditch which is determined by the maximum growth rate, here
assuming that the biomass doubles in about 2 days. C = R'%/n, where R = H is the hydraulic radius;
n = 0.0225 is the Manning roughness; L = 2 X mr, is the circumference of the ditch at the center line,
r=W/2 = 1000 m, is the half radii of the ditch.

The calculated energy input for water hyacinth transport in the pond is 39.9 kW, which comes
mainly from the head loss of the water flow; the additional loss from the bend is very small.

The energy input for collecting water hyacinth is estimated as 213.0 and 204.5 kW for the present
and future respectively, according to Woverton’s experimental results which is 33.44 kWh/t [21], and a
20% reduction assumed for the future.

Energy input for crushing water hyacinth is estimated to be 565.0 and 678.0 kW for the present and
future respectively, according to the crushing of switchgrass which is 5 kW/MW biomass [40].

The energy input for transportation of water hyacinth slurry to digester through pumping is
estimated according to the Hazen-Williams equation [41] which is used for estimating energy loss in
pipe transportation of activated sludge as following.

E:ngxh/n=7rr2v><g><6.82C(£)"”i/n 2)
2r- C;
where r = 0.254 m, is the radius of the transportation pipe, v = 1 m/s, is the transportation velocity,
C = R"S/n, where R = 0.254 m, is the hydraulic radius; n = 0.011 is the Manning roughness; L = 1000 m,
is the transportation pipe length, Cnh = 53, is the Hazen-Williams coefficient, n = 50%, is the efficiency
of the pump from the relevant technical data.

The calculated energy input for pumping the water hyacinth slurry to digester is 36.8 and 39.8 kW
for the present and future respectively.

Energy input for biomass conversion: The digester is designed according to a non-mixed vertical
flow reactor with operation temperature of 30-35 °C [33]. Energy input includes heating digester,
pumping the crushed biomass into reactor, mixing and pumping liquid effluent and solid residue from
anaerobic digester to pond for recycling. Pumping energy for recycling liquid effluent and solid
residue from anaerobic digester back to pond is set to be the same as that of biomass transportation.
Power input for mixing and pumping of digester during the biomass conversion is 1464.4 kW for the
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present case and 1757.3 kW for the future case, which is about 2.3% of the produced methane in the
anaerobic digestion process as presented in the previous study [42]. Heat input for heating the biomass
is ignored as the system is assumed to work in a tropical greenhouse. Pretreatment is not necessary in
digestion of water hyacinth because of its low lignin components, although much energy is needed to
overcome the recalcitrant nature of wood or grass which hinders the access to its molecular building
blocks due to high lignin content [9].

For upgrading biogas to methane, power energy input is estimated as 3223.0 and 5801.4 kW,
and heat energy input is estimated as 1054.8 and 1898.6 kW for the present and future respectively,
based on the energy input data for power and heat input of 1.1 and 0.36 MJ/m® biogas respectively [43].

Total power energy input of the whole system is 5586.8 kW and 8568.4 kW, and the total heat
input is 1054.8 and 1898.6 kW for the present and future respectively. Assumed that part of the
methane is used for generation of electricity and heat to meet the energy input, 50% and 60% power
efficiency for the present and future respectively, and 90% heat efficiency [44], the total energy input
from the whole system is 12,345.6 and 16,390.2 kW or 1685.4 and 1864.7 MJ/t dry biomass for the
present and future respectively. The energy input of the process is summarized in Table 3.

We compare the energy input of the integrated biomethane process with the switchgrass to
bioethanol process as listed in Table 3. The input energy data for bioethanol is from the GREET model
2014. GREET [45] (Greenhouse gases, Regulated Emissions, and Energy use in Transportation) is a
full life-cycle model sponsored by the Argonne National Laboratory. For the switchgrass to bioethanol
process, according to the GREET model, the energy input for operation of the refinery plant is provide
with the fermentation residue which keep more than half of the biomass energy; but for the integrated
biomethane process, the digestion residue is not recycled for energy, the energy in residue is
abandoned. However, the energy input for the ordinary bioethanol process is still much more than that of
the integrated biomethane process, as much more energy is need to produce various Chemicals for the
operation of the bioethanol process while no chemicals are needed for operation of the integrated
biomethane process.

Table 3. Energy input for production of bioethanol and methane from plantation of
switchgrass and water hyacinth through fermentation and digestion respectively.

Phase Input Item Switchgrass to Ethanol Water Hyacinth to Methane
GREET [45] data (btu/t) MJ/t biomass MJ/t biomass
farm Operation * 261,538.00 275.92 71.15
nitrogen 494,658.00 521.86 0
P>0s 2389.00 2.52 0
K>O 1944.00 2.05 0
herbicide 8342.00 8.80 0
HDPE for storage 25,846.00 27.27 0
Transportation to plant 180,690.00 190.63 10.08
total 976,208.83 1029.90 81.23
refinery Cellulase 775,056.57 817.68
Yeast 103,057.10 108.73

Sulfuric 18,951.83 19.99 0
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Phase Input Item Switchgrass to Ethanol Water Hyacinth to Methane
GREET [45] data (btu/t) MJ/t biomass MJ/t biomass
Ammonia 150,448.41 158.72 0
Corn 1,129,545.63 1191.67 0
(NH4)HPO4 22,335.36 23.56 0
NaOH 345,650.28 364.66 0
CaO 32,557.15 34.35 0
Urea 55,740.77 58.81 0
Diesel 17,625.89 18.60 0
Grinding of biomass from residue 0 154.28
Operation of reactor from residue 0 399.84
waste transportation from residue 0 10.08
Purification of biofuel from residue 0 1040.00
total 2796.77 1604.19
coproducts -1,697,539.76 —1790.90 0
total 2034.92 1685.42
* including all activity in farm, biomass harvest/collection; drying; storage efc.
4. Results

After subtracting the energy input, the total net methane produced in the whole system for 15 km?
land is 49.40 MW and 94.76 MW or 43.5 and 83.4 million m®/year for the present and future
respectively. Therefore, the net annul methane yield per unit land is 28,979.0 and 55,583.1 m’/ha

respectively for the present and future. For the present cases, the average daily energy flow of the

whole system for the plantation of water hyacinth and digested to methane or further converted to

electricity is summarized and shown in Figure 2, 29,800 m*/day methane is used to produce electricity

and heat for operation of the system, the average output of the whole system is estimated to 119.1 km®

methane/day. If the methane is conversed to electricity, the average output electricity of the whole

system is 592.8 MWh/day.

Solar energy 259.2 TJ/d
Plant pond Water hyacinth Digestor
— | 632.9vd (8.79 TJ/d)
ici Biogas
Electricity
0.975 MWh/d Electricity 253.2 km3/d
6.77 MWh/d (5.44 TJ/d)
methane
CHP 9.8 kma/d (1.07 Tui) | _Separater
Methane
Electricity 10.56 MWh/d 119.1 km?3/d
Heat 91.1 GJ/d (4.27 TJd)
Generator ——

Electricity
592.8 MWh/d

Figure 2. Average daily energy flow for the plantation of water hyacinth and digested to

methane or further converted to electricity.



Sustainability 2015, 7 530

For the present case, the annual yield of bioethanol and methane from plantation of switchgrass and
water hyacinth through fermentation and digestion, respectively, are summarized in Table 4. The estimated
results show that the yield of the integration process to produce methane for unit land is 20 times more
than that of the ordinary bioethanol process; the main reason includes the high biomass yield, the high
biofuel yield and low loss rate of the integrated water hyacinth to methane process. The high energy
input of the ordinary bioethanol process is offset by the high energy of the residue which is related to
the low biofuel yield. For ordinary bioethanol process, the energy input is about 5 MJ/kg biomass [10]
to produce sugar through hydrolysis of the cellulose, which is equal to 78% energy of the biofuel it
produced, so the increased actual bioenergy output of the proposed integrated process should also be
attributed to the low energy input, which is less than 20% energy of the biomethane it produced.

Table 4. The present annual yield of bioethanol and methane from plantation of
switchgrass and water hyacinth through fermentation and digestion respectively.

Item Unit Switchgrass to Ethanol Water Hyacinth to Methane
biomass yield ton/ha/year 13.45[1] 154.00
loss rate * 0.206 0.02
biofuel yield L/kg biomass 0.3028 240
MJ/t biomass 6442.25 8429.85
MJ/ha/year 68,838.13 1,298,197
net biofuel yield =~ MJ/t biomass 4407.33 6744.43
MJ/ha/year 47,094.1 1,038,643
m’/ha/year 2.2135 28,979.0

* Loss rate for bioethanol production includes field treatment 2%; field drying 5%; harvest/collection 5%;
farm handling 2%; storage 8.4%; road transport 2% of biomass which is provided by GREET 2014 model;

loss rate for methane production come from the purification of methane.

For a bioethanol biorefinery, only about 2.5 ML bioethanol (= 50 million MJ) is usually produced in
a year [8] because the transportation energy input and cost limit the scale due to the low yield, but with
the integrated process we proposed, it is easy to produce methane with ten times energy in the same
land because of the higher energy yield. The larger scale of biorefinery plant can decrease the product
cost, make the proposed process more competitive in energy markets.

Methane can replace gasoline for automobiles as fuel, such as in Sweden, 10% biogas is purified to
methane and used for transportation fuel [19]. According to the global crude oil consumption of 88.8
million barrels per day in 2012 [3], we estimate that the land area required to produce sufficient
methane to replace the global transportation fuel demand is 1.65 million km?, only covers 1.10% of the
land area of the earth for the present, and their values are 1.06 million km?, 0.71% respectively for the
future (Table 5). The land area requirement for the proposed biofuel production process is much lower
than any other bioenergy processes.
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Table 5. Land requirements for replacement of automobile fuel with the proposed process.

Item Present 2012 Future 2040
Methane generated for unit land (m*/ha/year) 28,979 55,583
Liquid fue.l c.onsumptlon for world 28.8 109.4
(million barrel/day)
Required Land For world (million km?) 1.65 1.06
Required Land For USA ( million km?) 0.34 0.18
Required Land For China (million km?) 0.19 0.18

For a power generation scheme with the proposed process, according to 50% power conversion
efficiency for the present case and 60% for the future case through the combined gas and steam cycle
power generation system [44], it is estimated that the net electricity generated by the whole system is
216 and 498 million kWh per year for the present and future case respectively. Therefore, the annual
power generation yield per unit land is 14.5 and 33.3 million kWh/km? respectively for the present and
future. Therefore, the land area required to meet the global power demand [3] with the proposed
process is 1.48 million km? for the present, 1.18 million km? for the future. This means that only
1.00% and 0.79% of world’s land are needed to meet the global power consumption at present and
future respectively (Table 6).

Table 6. Land requirements for power generation with the proposed process.

Case Present 2012 Future 2040
Net Power yield (million kWh/km?*/year) 14.5 333
Power consumed in the world (billion kWh/year) 21,413 39,030
Required Land For world (million km?) 1.48 1.17
Required Land For USA (million km?) 0.27 0.15
Required Land For China (million km?) 0.33 0.35

If the methane produced through the proposed process is applied to replace liquid oil, then the
carbon dioxide emission of liquid fuel will be reduced effectively, because the present integrated
process use the carbon dioxide in air to produce transportation fuel, so the carbon dioxide in air is
reduced in the production of the biomethane, the carbon dioxide released by burning it has been offset
by the production of the biomethane. The global emission of carbon dioxide in 2012 caused by burning
liquid fuel is 11.34 billion tons, which accounts for 35.4% of the total carbon dioxide emission of the
world [3]. Therefore, we can reduce 35.4% of carbon dioxide emission of the world with the proposed
process to produce methane to replace liquid fuel.

If the proposed process is applied to power generation to replace the present fossil fuel, then the
carbon dioxide emission from the present fossil fuel power plants can be avoided. It is reported that the
total carbon dioxide emission of the US in 2011 is 5.47 billion tons [46], in which 2.17 billion tons are
generated by the fossil fuel power plant [46]. Therefore, the amount of carbon dioxide emission in US
will be reduced by 39.6% if the present power plant is replaced with the proposed process for 2011.
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5. Discussion and Conclusions

The biomethane yield and energy input for the operation of the system including the plantation and
digestion of the water hyacinth are analyzed to estimate the net energy of the unit land produced
through the present integrated process. The energy input for plant building and equipment making is
ignored, as it is averaged to each liter fuel produced in the whole life of the system which is less than
1% energy input of the operation such as in corn fermentation to bioethanol [1].

The results indicate that there are a number of important consequences of the proposed processes.
First, there is no net CO2 emission if the proposed process is applied to produce electricity or methane,
because carbon dioxide is utilized for photosynthesis in the biomass production and recycled for plant
growth, it offset the generation of carbon dioxide from the burning of the methane for power
generation or as biofuel of automobiles. Second, the application of the anaerobic waste to the biomass
production, not only disposes the waste produced by the digestion of biomass, but also provides
fertilizer for the production of biomass. It will reduce the energy input in both production and
conversion of the biomass, increase the net energy yield so as to decrease the land demand for
bioenergy production to replace fossil fuel. Third, the additional fertilizers from outside of the
greenhouse are hardly needed in daily operation, so the pollution and energy input from production of the
fertilizers is avoided. Fourth, there is no wastewater discharged during the operation of the proposed
process, so the occurrence of water eutrophication is avoided. Fifth, CO2 can be used to promote the
yield of the biomass, it will reduce the land requirement and emission of the greenhouse gas in the
present process as the carbon dioxide produced in the bioconversion process is recycled to the
greenhouse for biomass production. Sixth, water floating plants grow and are collected daily in tropical
areas, so as to reduce energy input for the storage of biomass. Seventh, a pipeline is used for
transportation of anaerobic digestate and water floating plants, which are crushed into slurry, so as to
reduce the energy input as well as the cost of the biomass and digestate transportation. Eighth, the
initial fertilizer for the water hyacinth production can be obtained from the domestic sewage and
waste, no additional facility is needed to supply the fertilizer for the energy crop production. Ninth,
domestic wastewater can be treated in a plant pond and organic waste can be treated in an anaerobic
digester, so it can provide help for improving the environment. Tenth, ecology around the system will
be hardly damaged, because the substance and energy in the greenhouse are hardly interchanged with
external environment. Eleventh, a waterproof treatment is designed and built for the plant pond to
avoid the loss of fertilizer and water, so marginal land can be used for biomass production to avoid
competing with food production, and no land degradation will occur as plants grow in a pond within
a greenhouse.

Integrated water hyacinth production and anaerobic digestion process for bioenergy has a rather
high net energy yield per unit land. It can be attributed as follows: first, the water hyacinth can grow
well in wastewater treatment pond [21] with nutrient available in digestate, and is one of the highest
yield plants [23] which is ten to twenty times as many as that of the grass in US Midwest [8]. It can be
increased further in a closed greenhouse with high COz. Second, anaerobic digestion can transform all
bioorganic matters except un-hydrolyzed lignin [31,32]; however, as the lignin content in water
hyacinth is rather low as 3%—6% [21], so energy conversion efficiency can reach 95.7% for anaerobic
digestion of water hyacinth [33]. Third, the energy input for water hyacinth production and
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pretreatment can be ignored; energy input for digestion and biogas upgrading is less than 20% of the
products, so the net bioenergy yield can be much more than any other processes [11,15]. Considering
the actual factors, such as water-availability, infrastructure efc., the required land may be more than the
present estimation.

The solar power conversion efficiency of the proposed process is estimated as 1.65% for the present
case and 3.16% for the future case, it is much lower than that of the solar cell; however, the main
technologies used in the proposed process, including anaerobic digestion, have been applied for a long
time and have low capital and operation costs, so they may be a good alternative before a low cost
photovoltaic technology is developed [47].

In summary, the proposed process integrates biomass production and conversion process to provide
a high yield of alternative sustainable bioenergy per unit land. The key technology of anaerobic
digestion is rather mature and widely used before in treatment of organic waste. Agriculturally
marginal land can be used for biomass production, so it will not compete with food production. Nearly
no harmful substance is emitted to damage the present economical activities and the environment.
However, we need to further validate it on a large scale. Further improvements can be envisaged to
increase the efficiency of the process, if the digestion mechanism of water hyacinth is better understood.
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