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Abstract: The objective of this paper was to provide a preliminary analysis of energy
utilization from biological wastewater treatment sludge (biosludge) in Taiwan, a densely
populated country (estimate 640 persons/km’) with a high dependence (over 99%) on
imported energy. The discussion focused on the status of biosludge generation and its
management in the years 2004—2010. Findings showed that the main types of combustible
waste (i.e., biosludge) produced by the industrial and agricultural sectors of Taiwan
included food processing sludge, wine brewery sludge and agricultural sludge which may
be reused as auxiliary fuel in the utilities (e.g., generator, boiler and incinerator).
Furthermore, two conceptual biosludge-to-energy systems have been addressed with regard
to the thermochemical conversion processes. One is to adopt direct combustion for power
generation in the combined heat and power system. Another system uses pyrolysis and
gasification for producing biochar (solid fuel), bio-oil (liquid fuel) and syngas (gas fuel).
Based on their thermochemical properties and reported generation quantities, the energy
potential and the environmental benefits of mitigating CO, emissions were also analyzed in
the study, showing around 1.1 x 10° TJ/year and 57 Gg CO»/year, respectively.
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1. Introduction

Taiwan is a small island country (about 36,000 km®) in Asia with limited natural resources and
densely populated (over 23 million). In the past two decades, Taiwan has been confronting several
energy issues, which are summarized below [1-3]:

* High dependence on energy imports: The dependence on imported energy is on an increasing
trend, from 95.84% in 1990 to 99.39% in 2010. Meanwhile, the energy supply totaled
145.6 million kiloliters of oil equivalent (KLOE; 1 KLOE = 3.77 x 10"’ J) in 2010, in contrast
to 58.7 KLOE in 1990. Furthermore, a considerable portion of the energy consumption was
used in the industrial sector for the purpose of heating and manufacturing, increasing from
45.4% in 1990 to 53.8% in 2010. This meant that the largest source of CO, emissions was from
the energy sector (combustion of fossil fuels) while the next important source was from the
industrial sector.

* Increase in the total of carbon dioxide (CO,) emissions: The CO, emission in 2010 was
2.54 x 10% t (1 t = 1000 kg) in comparison with 1.11 x 10° t in 1990. On average, the annual
growth rate from 1990 to 2010 was 4.16%, which could be separated into two significant
stages: 6.65% from year 1990 to 2000, and 1.48% from 2000 to 2010. This trend reflected the
effects in the past decade as compared to the 1990s of the implementation in January 2002 of a
policy of promoting energy savings and renewable energy development through the
“Renewable Energy Development Plan” by the Executive Yuan of Taiwan.

Regarding the development of stationary biomass energy systems in Taiwan, currently a total
installed capacity of 814.5 megawatts (MW) of power generation has been achieved through biomass
energy utilization, which is primarily based on municipal solid waste (MSW) incineration generation
(622.5 MW), biogas power generation (24.5 MW), and the utilization of agricultural and industrial
wastes such as paper mill waste, bagasse and rice straw (167.5 MW). It was apparent that more than
75% of this biopower was substantially supplied by 24 operational large incineration plants consuming
MSW, agricultural wastes and general industrial wastes.

In early 1990s, the central competent authority Taiwan adopted a strategy promoting the treatment
of MSW incineration [4]. The energy utilization from MSW and various other types of agricultural and
industrial waste, also called waste-to-energy (WTE), received much attention during the 1990s mainly
due to the advances in WTE technologies, the increasing energy price and the global warming
issues [5,6]. More importantly, the energy from domestic waste resources not only enhances fuel
diversification, but also possesses environmental benefits in terms of greenhouse gas (GHG) emissions,
land use and cost savings as compared with land-filling [4]. In this regard, biomass such as agricultural
residues and biosolids are increasingly being recognized as valuable bioresources because they are
renewable and rich carbon sources. The organic carbon can be further reused as a green energy source.
Moreover, electricity and heat generated from bioresidues through the combined heat and power
(CHP) systems are offsetting those generated from fossil fuels with GHG emission reduction credits.
As a result, there is an increasing interest in co-firing non-hazardous biomass with coal in the coal-fired
power plants and/or large-scale mass-burn MSW incineration plants, which have been designed with the
best available control technology for toxic air pollutants emitted from flue stack [7].
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The elimination of biodegradable pollutants from effluents using the activated sludge process has
been considered the most suitable method for lowering their negative discharges into the receiving
water body. The removal of biochemical oxygen demand is the objective of secondary treatment in the
allied plants such as food processing, wine brewing and swine raising, while wastewater sludge was
further treated to achieve stabilization and dewatering (<75 wt%) before its utilization. Meanwhile, an
increasing issue associated with the use of sewage sludge was concerned with its impacts on the
environment and human health because of the unavoidable by-products which may contain toxic
pollutants (e.g., heavy metals) along with a large fraction of pathogens due to the concentration of the
sludge during the wastewater treatment [8,9]. The waste-activated sludge or biosludge may be the most
difficult biosolid to dewater because initially it contains so much water (99%), which is tightly
attached by chemical and physical means to the surface area provided by the minute micro-organisms.
In the past decades, the biosludge was mainly applied to soils for agricultural purposes [9,10], but it
was not considered an energy source. Due to the high cost of sludge treatment process (e.g., anaerobic
digestion) and the strict regulations regarding sludge usage in agriculture, it’s utilization of biosludge
as a biomass resource for the production of energy has gradually spread in recent years [8].

In a previous paper [4], only a comprehensive description of governmental regulations and policies
for promoting industrial waste (i.e., pulp sludge, scrap wood, sugarcane bagasse, textile sludge, and
scrap plastics) as energy sources was presented. Environmental regulations on the emissions of
hazardous air pollutants as well as benefit analysis from industrial waste-to-energy (IWTE) were also
discussed. In this study, the open-access documents officially published by the Taiwan central
government were used to provide a systemic and analytical description about the energy utilization of
biosludge, including food processing sludge, wine brewery sludge and agricultural sludge. The main
subjects of this paper cover the following key elements:

(1) Thermochemical characteristics of biosludge and its environmental implications;
(2) Analysis of biosludge generation and its current utilization;

(3) Concepts of biosludge-to-energy systems;

(4) Analysis of environmental benefits from the utilization of dried biosludge as fuels.

2. Thermochemical Characteristics of Biosludge and Its Environmental Implications

In this study, the target biomass was biosludge, which is produced from the biological decomposition
of the organic discharges from food processing (milk-derivative), wine (beer) brewery and livestock
(swine) farms in the secondary wastewater treatment system. The swine sludge (manure solid) was
obtained from a solid-liquid separation unit in the three-step wastewater treatment plant [11]. The data
in Table 1 indicate the results of ultimate analysis and calorific values for the above-mentioned
bioresources [11,12]. It can be seen that the analyses revealed higher contents of carbon (C), hydrogen
(H) and oxygen (O) in the food processing sludge and swine raising sludge on a dry basis, respectively,
supporting that the dried biosludge had abundant in lignocellulosics, lipids, proteins, ash, and other
components. The results were reasonable due to the fact that beer brewing sludge should contain lots
of diatomaceous earth (approximately composed of 91.5 wt % SiO, and 4.0 wt % Al,O3) [13], which
are widely used as filtration medium for removal of insoluble residues from fermented beer before
bottling, and its resulting wastes (also called spent diatomaceous earth) are generally utilized as a
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biosorbent and/or coagulant in the wastewater treatment system. As a consequence, the biosludge had
lower carbon, hydrogen, and heating content. Compared to values of 75.3% C, 5.4% H and 15.6% O
for coal [14], these biosolids have much higher oxygen contents and lower carbon contents than those
of coal, while the hydrogen contents in both biomass and coal are comparable. However, their calorific
values are relatively higher, ranging from 13.4 to 19.4 MJ/kg on a dry basis. These data were
consistent with the elemental analyses as described above.

Table 1. Thermochemical characterization of dried sludge *.

Thermochemical Values

property Food processing sludge Wine brewing sludge Swine raising sludge Coal
Ultimate analysis °

Carbon (wt %) 423+0.1¢ 31.6 £ 0.1 422+0.1 75.3
Hydrogen (wt %) 6.3=+0.1 4.9+0.1 6.6+0.1 54
Oxygen (Wt %) 31.8+£0.0 31.9+0.2 36.4+0.1 15.6
Nitrogen (wt %) 6.6+0.1 55+£0.0 4.0+0.1 1.8
Sulfur (wt %) 0.8+0.0 0.6+0.1 0.0+0.0 0.4
HHV "¢ (MJ/kg) 16.8 £0.1 13.4+0.1 194+0.5 30.1

* Sources [11,12,14]; b Dry basis; ° Higher heating value; d Average =+ standard deviation (for
two/three measurements).

With respect to the environmental implications from the standpoint of conversion of biosludge to
energy, nitrogen oxides (NOy) belong to the most important gaseous pollutants from combustion
processes because NOy may cause ground-level photochemical smog, ozone formation and acid rain.
Concerning the acidic elements in the biosludge listed in Table 1, the nitrogen concentration (i.e., over
4.0% by mass) is relatively higher than those from forestry and crop residues (i.e., <1.0% by mass) [15].
The food processing sludge had higher nitrogen content because it might contain a higher protein
content as a result of its origin from a milk-derivative factory. As a result, both thermal way and
fuel-bound nitrogen will contribute to the emissions of nitrogen oxides (NOy) and traces of N,O from
biomass combustion facilities where they could have a need for installing NOy control systems such as
combustion modification and selective catalytic/noncatalytic reduction [16]. On the other hand, their
sulfur contents are low compared with those of coal. Therefore it should be expected that sulfur oxides
(SOy) in the biosludge (especially in swine raising sludge) would not be emitted to a large extent.

3. Analysis of Biosludge Generation and Its Current Utilization

According to the Waste Management Act in Taiwan [4], waste is classified into general waste
(municipal waste) and industrial waste. Furthermore, industrial waste includes general industrial waste
and hazardous industrial waste. In 2000, the Taiwan’s Environmental Protection Administrations
(EPA) established an on-line reporting system that tracks the complete life cycle (cradle-to-grave) of
industrial waste from generation source to disposal site. Meanwhile, industrial generators have adopted
waste reuse and pollution prevention as top strategies for their industrial waste management under the
regulatory promotion.

The treatment, disposal or reuse of sewage sludge or biosolids in Taiwan is regulated under the
Waste Management Act. Table 2 shows the annual statistics during the years of 2004-2010 based on
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the on-line reported amounts of food processing sludge, wine brewing sludge, and agricultural sludge.
Herein, the food processing sludge, wine brewing sludge and agricultural sludge are officially defined
by generating from secondary biological treatment facilities or manufacturing (formulating) processes
in the food/drink, wine/beer and agricultural/livestock industries, respectively. From the data in Table 2,
it can be seen that these waste activated biosolids in Taiwan in recent years have remained relatively
steady at about 43,300, 10,500 and 12,200 t per year on average for food processing sludge, wine
brewing sludge, and agricultural sludge, respectively. Out of these volumes, the food processing sludge
accounts for about two thirds. On the other hand, the food, drink and livestock markets in Taiwan may
be considered mature with flat to declining overall volumes. The declining on-line reported amounts
for these biosolids could also be due to the current financial crisis at this period.

Table 2. Statistics on the reported amounts of dewatered biosludge for reuse in Taiwan *.

Year Food Processing Sludge Wine Brewery Sludge Agricultural Sludge

2004 43,497 8,210 7,656
2005 42,829 9,682 10,179
2006 37,804 11,519 13,696
2007 54,318 10,304 13,988
2008 39,096 11,461 14,352
2009 42,813 11,387 11,640
2010 42,801 10,934 13,659

* Unit: metric ton (as-received biosludge, dewatered by filter press; water content <75 wt%).

In Taiwan, the law governing the reuse/recycling of industrial waste is the Waste Management Act.
Under the authorization of Article 39 of the Act, the Responsible Agencies at the central government
level (i.e., the Ministry of Economics Affairs and the Council of Agriculture) after consultation with
the EPA have promulgated the “Regulations Governing the Permission of Industrial Waste Reuse” and
“Regulations Governing the Permission of Agricultural Waste Reuse” relating to the reuse of industrial
waste and agricultural waste since 2002. Presently, the target biosolids discussed in this study were
legally designated to be reused as raw material for organic fertilizers and/or raw material for plant
cultivation mediums. This directive also encourages the generators to reuse their resulting waste that is not
previously announced subject for reuse (e.g., auxiliary fuel for cement kiln, industrial boiler and so on.),
but the generator may submit a reuse plan to the EPA for review and approval.

4. Concepts of Biosludge-to-Energy Systems

From the standpoint of energy use of dried biosludge as a replacement for coal, its heating value is
the most important fuel property. From the data in Table 1, it can be seen that the calorific values
(around 16 MJ/kg) of these biosolids is about 60% of the heating value (i.e., about 28 MJ/kg) of fossil
coal. Due to the high organic content, abundance, and associated environmental concerns with current
management methods (i.e., biological wastewater treatment system), these biosolids can be considered
as available energy sources in the direct combustion systems such as industrial boiler, MSW
incinerator and coal-fired power plants [17].
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In this research, the biosludge-to-energy treatment concepts were addressed with considerations to
thermochemical technologies for the production of heat, power, bio-oil and biochar. The process
system can have more efficient nutrient recovery in recycling the plant nutrients into the residual ash.
Figure 1 shows the conceptual flow diagrams of direct combustion and pyrolysis/gasification, including
pretreatment, thermochemical conversion, and energy recovery (combined heat and power) units. The
dried biosludge-to-energy treatment system (Figure 1a) can be simply described as follows:

Figure 1. Conceptual flowchart of biosludge utilization using thermochemical processes.
(a) direct combustion; (b) pyrolysis/gasification.
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(1) Pretreatment unit is intended to lower the moisture content of the collected biosludge using
solar heating or recycled heat from combined heat and power (CHP) unit.

(2) Combustion unit may be an industrial boiler, or a municipal solid waste incinerator via co-fired
operation. This means that the dried biosolid is reused as an auxiliary solid fuel. The
combustion system using the biomass feedstock produces high-temperature flue gas that is
further pumped into a CHP system for recovering process waste heat.

(3) Energy recovery (i.e., CHP) unit refers to the simultaneous production of electricity and heat in
one single process for dual output streams so as to maximize its thermal efficiency of up to
70% or more. The flue gas from the CHP system will be further treated by the advanced air
pollution control systems for removing chlorinated pollutants, heavy metals, acidic gases (e.g.,
nitrogen oxides) and particles [4,18].

On the other hand, another biosludge-to-energy concept is depicted in Figure 1b). This system
focuses on the pyrolysis and gasification for converting biosolid into biochar, and syngas respectively.
However, it should be noted that tar formation is one of the major problems to deal with during
biomass gasification because it condenses at reduced temperature, thus blocking and fouling process
equipment such as engines and turbines. Regarding the tar removal and syngas cleaning approach for
gasification, several technologies have been successfully developed in recent years [19]. For example,
catalytic cracking is a preferred removal method because the cracking of tars inside the gasifier can
significantly improve the heating value of the produced gas. The resulting fuel products can be further
utilized as energy sources in the following cases [10,20,21]:

(1) Biochar and bio-oil can be used as an auxiliary feedstock for existing CHP plants such as coal
combustion power plant and MSW incineration plant.

(2) Syngas is a gas mixture that contains varying amounts of carbon monoxide (CO) and hydrogen
(Hz). As aresult, it can be used as an intermediate in producing synthetic petroleum for use as a
fuel or lubricant via the Fischer—Tropsch process. Due to its high energy capacity, it is often
used as a fuel for internal combustion engines (e.g., Stirling engine) for generating electricity.
More recently, the combustion of hard coal with sewage sludge-derived syngas has been
proposed in a reburning process to reduce NOy emissions [20,21].

5. Analysis of Environmental Benefits from the Utilization of Dried Biosludge as Fuels

According to the Taiwanese regulations and the thermochemical properties (Table 1), the dried
biosolids (i.e., food processing sludge, wine brewing sludge, and agricultural sludge) can also be also
reused as auxiliary solid fuel for utilizing their heat contents in the industrial utilities. It should be noted
that the main advantage of reusing biosludge as an alternative energy not only lies in the diversification
of fuel sources but also in the mitigation of environmental pollution and global warming. Besides,
combined heat and power (CHP) systems have been successfully applied to the generation of steam and
electricity from the industrial boilers then used as auxiliary fuel sources by the generators themselves or
sold to the market (as valuable fuels) for nearby plants (considering the transportation cost). To address
opposition because of fears of dioxins and toxic heavy metal emissions, the concept of maximum
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available control technology (MACT) must be adopted in the air pollution control systems for these
waste-to-energy (WTE) facilities and other allied processes under the regulatory authorization.

From the average reported quantities (Table 2), the food processing sludge, wine brewing sludge, and
agricultural sludge amounted to about 43.3, 10.5 and 12.2 x 10’ tones, respectively. As listed in Table 1,
their corresponding heating values have been measured to be about 16.8, 13.4 and 19.4 MlJ/kg,
respectively. The energy potential was thus estimated to be the product of the average reported volume
for that biosludge and its heating value. Therefore, the total energy potential of reusing those types of
biosludge as energy source in Taiwan were calculated to be about 1,100 TJ per year, which is almost
equal to 1.9 x 10° barrels oil equivalent.

Concerning the benefits of mitigating GHG emissions to the environment, a simple method (Tier 1
method) adopted by the Inter-governmental Panel on Climate Change (IPCC) was used to estimate
equivalent CO, emissions mitigation from the combustible sludge as energy source for electricity
generation (assumed in the present work) [22]. The IPCC methodology is based on consumed quantities
of waste fuels and average default emission factor. Therefore, the anthropogenic CO, emissions from
the combustion of waste for electricity generation were calculated by multiplying levels of activity
(power generation in kWh) with default emission factor (DEF in kg CO,/kWh). Based on the statistical
calculation by the state-owned company in Taiwan (Taipower Co.), the default value in terms of the
equivalent amount of CO, produced per kWh, which ranges from 0.5 kg CO,/kWh for combined cycle
gas turbine to 1.1 kg CO,/kWh for modern coal plant [23], is about 0.62 kg CO»/kWh. Using the
following data:

(1) Power generation efficiency (assumed): 0.3 [24];
(2) Total energy potential of reusing those types of biosludge as energy source: 1,100 TJ/yr;
(3) Equivalent amount of CO, produced per kWh: 0.62 kg CO,/kWh.

The equivalent mitigation of CO, (Gg) from the reuse of biosludge as fuel was thus calculated as
given below:

Equivalent mitigation of CO, (Gg) = 0.3 x 1100 TJ/yr x 0.62 kg/kWh x 2.78 x 107" kWh/J x10° Gg/kg
=57 Gg/yr

6. Conclusions

In response to the problem of sustainable waste management in Taiwan, the waste-to-energy system
has been established through a regulatory framework under the “joint-venture” of the ministry-level
departments in the past decade. Taking into account the alternative energy utilized and GHG emissions
avoided, the reuse of some types of designated waste in the industrial and agricultural sectors as
auxiliary fuels was encouraged. According to the online reported quantities of major sewage biosolids
(i.e., food processing sludge, wine brewing sludge sludge and agricultural sludge) collected by the
Taiwan EPA, the total energy potential and the environmental benefit of mitigating CO, emissions
were preliminarily calculated to be around 1100 TJ/year and 57 Gg/year, respectively. However, the
emissions of toxic and hazardous pollutants like dioxins and mercury should be in compliance with the
regulatory limits thus protecting public health. Furthermore, Taiwan’s cabinet (Executive Yuan)
approved the Renewable Energy Development Act in June 2009, suggesting that the Act could further
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promote these combustible biosolids with fossil fuels in the industrial and private power plants with
some economic incentives. This is due to the fact that the surplus electricity shall be sold to the
state-owned company (Taipower Company) at an officially designated rate.

Acknowledgments

This research was partly supported by NSC (National Science Council), Taiwan, under contract
number NSC 100-3113-S-020-002 (Project title: Technical talent cultivation for bio-energy industry in
southern Taiwan).

References

1. Bureau of Energy. Energy Statistics Handbook—2010 [in Chinese/; Bureau of Energy: Taipei,
Taiwan, 2011.

2. Bureau of Energy. Statistics on Emissions of CO; from Combustion and Its Analysis [in Chinese];
Bureau of Energy: Taipei, Taiwan, 2011.

3. Huang, Y.H.; Wu, J.H. Energy policy in Taiwan: Historical developments, current status and
potential improvements. Energies 2009, 2, 623—-645.

4. Tsai, W.T. Analysis of the sustainability of reusing industrial wastes as energy source in the
industrial sector of Taiwan. J. Clean. Prod. 2010, 18, 1440-1445.

5. Stehlik, P. Contribution to advances in waste-to-energy technologies. J. Clean. Prod. 2009, 17,
919-931.

6. Psomopoulos, C.S.; Bourka, A.; Themelis, N.J. Waste-to-energy: A review of the status and
benefits in USA. Waste Manag. 2009, 29, 1718—-1724.

7. Tsai, W.T.; Chou, Y.H. An overview of renewable energy utilization from municipal solid waste
(MSW) incineration in Taiwan. Renew.Sustain. Energy Rev. 2006, 10, 491-502.

8. Rulkens, W. Sewage sludge as a biomass resource for the production of energy: Overview and
assessment of the various options. Energy Fuels 2008, 220, 9—15.

9. Cantrell, K.; Ducey, T.; Ro, K.S.; Hunt, P.G. Livestock waste-to-bioenergy generation
opportunities. Bioresour. Tech. 2008, 99, 7941-7953.

10. Fytili, D.; Zabaniotou, A. Utilization of sewage sludge in EU application of old and new
methods—A review. Renew. Sustain. Energy Rev. 2008, 12, 116-140.

11. Tsai, W.T.; Liu, S.C.; Chen, H.R.; Chang, Y.M.; Tsai, Y.L. Textural and chemical properties of
swine-manure-derived biochar pertinent to its potential use as a soil amendment. Chemosphere
2012, 89, 198-203.

12. Tsai, W.T.; Chang, J.H.; Hsien, K.J.; Chang, Y.M. Production of pyrolytic liquids from industrial
sewage sludges in an induction-heating reactor. Bioresour. Tech. 2009, 100, 406—412.

13. Tsai, W.T.; Hsien, K.J.; Lai, C.M. Chemical activation of spent diatomaceous earth by alkaline
etching in the preparation of mesoporous adsorbents. /nd. Eng. Chem. Res. 2004, 43, 7513-7520.

14. Wang L.; Shahbazi, A.; Hanna, M.A. Characterization of corn stover, distiller grains and cattle
manure for thermochemical conversion. Biomass Bioenergy 2011, 35, 171-178.

15. Ebeling, J.M.; Jenkins, B.M. Physical and chemical properties of biomass fuels. Trans. ASAE
1985, 28, 898-902.



Energies 2012, 5 3073

16.

17.

18.

19.

20.

21

23.

24.

Baukal, C.E., Jr. Industrial Combustion Pollution and Control; Marcel Dekker: New York, NY,
USA, 2004.

Mininni, G. Incineration with energy recovery. In Sludge into Biosolids; Spinosa, L., Vesilind, P.A.,
Eds.; IWA Publishing: London, UK, 2001; pp. 101-129.

Fullana, A.; Conesa, J.A.; Font, R.; Sidhu, S. Formation and destruction of chlorinated pollutants
during sewage sludge incineration. Environ. Sci. Tech. 2004, 38, 2953-2958.

Albertazzi, S.; Basile, F.; Fornasari, G.; Trifiro, F.; Vaccari, A. Thermal biomass conversion.
In Catalysis for Renewables; Centi, G., van Santen, R.A., Eds.; Wiley VCH: Weinheim, Germany,
2007; pp. 147-162.

Werle, S. Modeling of the reburning process using sewage sludge-derived syngas. Waste Manag.
2012, 32, 753-758.

. Werle, S. A reburning process using sewage sludge-derived syngas. Chem. Pap. 2012, 66, 99-107.
22.

Intergovernmental Panel on Climate Change (IPCC). 2006 IPCC Guidelines for National
Greenhouse Gases Inventories; IPCC: Geneva, Switzerland, 2006.

Larkin, S.; Ramage, J.; Schrlock, J. Bioenergy. In Renewable Energy; Boyle G., Ed.; Oxford
University Press: Oxford, UK, 2004; pp. 106—-146.

Horio, M.; Shigeto, S.; Shiga, M. Evaluation of energy revovery and CO, reduction potential in
Japan through integrated waste and utility management. Waste Manag. 2009, 29, 2195-2202.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



