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Bamboo-Derived Fuel from Dendrocalamus latiflorus,
Phyllostachys makinoi, and Phyllostachys pubescens
Waste

Lang-Dong Lin,? Fang-Chih Chang,®** Chun-Han Ko,? and Chieh-Ting Wang ®

Bamboo is used as a raw material for producing chopsticks, artifacts,
utensils, plywood, fiberboard, and decorated multi-layered panels. The
manufacturing process generates a large amount of bamboo residual
waste. In this study, bamboo-derived fuels were prepared from the
residual waste of Dendrocalamus latiflorus, Phyllostachys makinoi, and
Phyllostachys pubescens. The combustion behaviors of bamboo-derived
fuels were also investigated. The characteristics of derived fuels made
from bamboo waste with engine oil waste showed that the ash content
was less than 5% and that the calorific value reached 5,000 kcal/kg, which
was higher than derived fuels standards. Additionally, the derived fuel of
bamboo waste had a high combustion efficiency and low nitrogen, sulfur,
and chlorine emission levels, which were lower than the derived fuels
standards. Thus, bamboo-derived fuel prepared from Dendrocalamus
latiflorus, Phyllostachys makinoi, and Phyllostachys pubescens waste
mixed with engine oil waste is a suitable fuel alternative.
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INTRODUCTION

Bamboo stands are endemic in South and East Asia. Bamboo’s fast growth and
adaptability in various soil and climate conditions make it a good candidate as a renewable
resource (Vogtlander et al. 2010). Bamboo stands cover 152,300 hectares, which is roughly
7.2% of the overall forest area in Taiwan. Ma bamboo, Makino bamboo, and Moso bamboo
are the important bamboo species. Bamboo is conventionally used as the raw material for
producing artifacts, utensils (disposable chopsticks), plywood, fiberboard, decorated multi-
layered panels, and building materials in Taiwan and many Asian countries (Nguyen et al.
2012). The manufacturing process generates a large amount of residual bamboo waste,
which is an environmental threat that needs disposal and utilization. The waste products
from bamboo processing may be suitable biomass energy fuel when using established
feedstock handling equipment (Scurlock et al. 2000). Alternatively, Taiwan uses over 45
billion pairs of single-use chopsticks annually according to the Environmental Protection
Administration, Taiwan (2014). The manufacture of disposable chopsticks consumes large
amounts of trees and bamboo plants each year. Additionally, this waste represent an
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appreciable amount of rubbish that is not recycled. Thus, the utilization of this waste could
represent a marketable resource of bioenergy.

Many methods including acid treatment, hydrolysis, pyrolysis, gasification, thermal,
and fuel methods have been adopted for processing bamboo waste biomass (Asada et al.
2011; Chiang et al. 2012; Wang 2012; Cheng and Chang 2013; Bada et al. 2014; Jiang et
al. 2014; Liu et al. 2014; Qin et al. 2015; Shen et al. 2014). Bamboo waste biomass has
been used to produce fuels, activated carbon, carbon fibers, syngas, glucose, methane, and
bioethanol. Refuse-derived fuels (RDFs) are an innovation of waste-to-energy technology
created by shredding and drying out combustible waste. Previous studies have shown that
raw bamboo (Bambusa multiplex) has the highest fuel value and the lowest ignition
temperature (Bada et al. 2014). Additionally, co-firing bamboo biomass with coal for
electricity generation is a near-term, low-risk, low-cost, renewable energy technology for
reducing CO, and SO; air emissions (Al-Mansour and Zuwala 2010; Berndes et al. 2010;
Bada et al. 2014). Biomass, when blended with coal, should enhance coal pyrolysis or
gasification (Cheng et al. 2014; Bada et al. 2015) and minimise the risks of slagging and
fouling (Fryda et al. 2014). However, little information is available about using bamboo
waste as a RDF biomass. The direct utilization of bamboo waste is limited by its high
moisture content and volatile matter, which makes controlling its combustion more
difficult (Liu et al. 2013, 2014). The moisture content in the biomass has been found to be
a predominant factor for the increase of particulate matter emissions (Chao et al. 2008).

According to the statistical data of the Ministry of Transportation and
Communications, Taiwan, there were 7,367,522 cars and 14,195,123 motorcycles in 2013
(Ministry of Transportation and Communications 2013). The amount of engine oil waste
generated from cars and motorcycles is about 115 million liters annually in Taiwan. Engine
oil waste has been collected and used as boiler fuels or base oils in the past. Engine oil
waste has high heating value, which can be turned into valuable fuel products by treating,
refining, purifying, and distilling processes. However, these processes increase the need
for electrical energy consumption and capital equipment costs. Thus, the combination of
bamboo waste and engine oil waste to produce a refuse-derived fuel will help to repurpose
disposable waste materials and to provide an alternative fuel that is cost-effective and has
environmental benefits.

This study focuses on the production of fuel from bamboo waste generated from
manufacturing chopsticks, artifacts, utensils, plywood, fiberboard, and decorated multi-
layered panels, as well as disposable chopsticks in Taiwan. Engine oil waste was added to
bamboo waste to be processed as a refuse-derived fuel.

EXPERIMENTAL

Materials

The Dendrocalamus latiflorus, Phyllostachys makinoi, and Phyllostachys
pubescens waste used in this study were collected from a bamboo processing plant located
at Nan-Tou county in Taiwan (Fig. 1). The dried bamboo waste was chipped, ground, and
sieved through a 40-mesh sieve before use in batch experiments. The engine oil waste was
obtained from a vehicle maintenance and repair plant located at Yunlin county in Taiwan.
The basic characteristics of bamboo waste and engine oil waste were analyzed by an
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Elementar Vario EL 11 elemental analyzer (CHN-OS Rapid, German), a three-component

analysis (ASTM D3174-02 2002), a thermogravimetric analyzer (PerkinElmer Pyris
Diamond, USA and Shimadzu DTG-60, Japan), and calorific value analysis (ASTM
D5865-13 2013). Additionally, the chemical components of the bamboo waste, such as
cellulose, lignin, solvent extractives, and ash, were analyzed in accordance to TAPPI T203
cm-09 (2009), TAPPI T222 om-11 (2011), TAPPI T 204 cm-07 (2007), and TAPPI T211
om-07 (2007), respectively.

Fig. 1. Bamboo product and bamboo waste

Bamboo Waste Refuse-Derived Fuel (RDF) Production

The main aim of this study was to turn bamboo waste into an energy resource by
the granulation process and add value to the bamboo waste. Figure 2 is a flow diagram of
the study. The hydraulic machine was used for granulation process to form pellets. The
engine oil waste was used as the binder to produce a hard granular bamboo waste RDF.
Different ratios (5:1, 10:1, and 20:1) of bamboo waste-to-engine oil waste was used to
analyze the impact on its granulation. The diameters of pellet grains produced during the
granulation process were 2 mm, 7 mm, and 13 mm. The granulation parameters of the
experiment included the pressure (700, 800, and 900 psi) and time (3, 5, and 7 min). The
characteristics of the bamboo waste-derived fuel were analyzed to evaluate the combustion
efficiency and to determine compliance with the derived fuels standards (ASTM E0856-
83R04 2006). The tubular furnace was used for combustion tests. The gaseous emissions
(CO and CO2) from biomass combustion were measured. The modified combustion
efficiency (CE) is the ratio of the carbon dioxide to the carbon dioxide and monoxide (CE
= ACO2/(ACO2+ACO)) (Yokelson et al. 1996).

RESULTS AND DISCUSSION

Characteristics

The chemical constituents of the bamboo waste are shown in Table 1. Bamboo
waste contained 64.96 to 68.22% holocellulose, 26.19 to 28.80% lignin, and 1.73 to 2.96%
ash. The ca-cellulose and lignin content was similar to other woody biomasses but
appreciably different from agricultural wastes (e.g., bagasse, corn stalks, corn cobs, corn
stover, wheat straw, rice straw, switchgrass, olive husk, and olive pomace) (loelovich
2015). The characteristics of Ma bamboo, Makino bamboo, and Moso bamboo wastes are
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shown in Table 2. The water content of the bamboo waste was approximately 6.85 to
7.90%, whereas the ash content was 1.50 to 2.73%. The combustible content was about
89.37 to 91.52%. The water and ash contents were relatively low compared with the
European standard limits of 10% and 5%, respectively, for RDF. The carbon content in the
bamboo waste was about 43.9% to 45.25% of the total. The amounts of nitrogen (< 1.0%),
sulphur (< 0.2%), and chlorine (< 0.15%) were relatively low compared with other refuse-
derived fuels. Thus, the emissions of acidic gaseous pollutants, such as NOx and SOX,
should be negligible during the co-combustion of bamboo waste refuse-derived fuels. The
calorific values of the bamboo wastes ranged between 4,139 to 4,356 cal/g and were higher
than non-edible biomasses (2,627 to 3,344 cal/g) (loelovich 2015). The bamboo waste can
be used as a feedstock for refuse-derived fuels (fuel pellets). The refuse-derived fuels made
from renewable bamboo waste has potential as a green energy resource. Compared with
the fuel quality requirements, the bamboo waste has a lower calorific value than coal fuel
(5,000 cal/g) designed for power plant broilers at Taipower (Taiwan Power Company
2015). Thus, the high carbon content and high calorific value of engine oil waste was used
as the binding agent.

Table 1. Chemical Analysis of Bamboo Waste

Bamboo Waste | Holocellulose (%) |a-Cellulose (%)| Lignin (%) |Extractives (%)| Ash (%)
Ma 65.52+2.37 42.27+2.72 26.19+1.49 2.93+1.27 2.96+0.83
Makino 68.22+2.63 46.31+1.52 28.78+1.71 1.69+1.19 1.75+0.52
Moso 64.96+2.43 41.08+1.43 28.80+1.93 4.30+1.42 1.73+0.41

Data provided as the mean + standard deviation

Table 2. Three-Component, Elemental Analysis, and Calorific Value (dry based)
of Bamboo Waste and Engine Oil Waste

Property Bamboo.Waste Engine Oil Waste
Ma Makino Moso
Moisture (%) 6.85+1.22 7.90+1.53 6.98 +1.78 6.40 £ 2.13
Ash (%) 2.68+0.71 273+ 1.05 1.50+0.24 12.63 +5.25
Combustible Portion (%) | 90.47 +4.60 89.37 +3.59 91.52 +4.53 80.97 £ 6.59
C (%) 4422 +1.91 43.90 + 1.47 45.25 +2.04 82.83+5.61
H (%) 6.10 +0.43 6.06 + 0.55 5.71+0.38 13.63+1.28
O (%) 45.63 £ 1.05 41.47 +1.80 43.89 £ 1.65 1.37 £ 0.09
N (%) 0.07 £ 0.02 0.06 + 0.01 0.08 + 0.02 0.07 £ 0.01
S (%) N.D. N.D. N.D. N.D.
Cl (%) N.D. N.D. N.D. N.D.
Calorific Value (cal/g) 4,139+ 84 4,285 + 102 4,356 + 115 10,459 + 214
Data provided as the mean + standard deviation
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Fig. 2. Flowchart of the study

Figure 3 shows the results of thermogravimetric and derivative thermogravimetric
analyses of bamboo waste and engine oil waste. The overall exothermal reaction
temperature was about 291.52 and 394.6 °C for Ma bamboo waste, 287.6 and 395.6 °C for
Makino bamboo waste, and 317.8 and 438.5 °C for Moso bamboo waste. At 500 °C, the
weight of the Ma, Makino, and Moso bamboo waste was reduced by 98.5, 98.8, and 98.8%,
respectively. The overall exothermal reaction temperature was at 337.1 °C for the engine
oil waste. Figure 4 shows the results of the thermogravimetric and differential thermal
analyses of Ma bamboo waste with engine oil waste. The overall exothermal reaction
temperature was about 359.95 and 478.97 °C for Ma bamboo waste with 5% engine oil
waste, 364.56 and 483.76 °C for Ma bamboo waste with 10% engine oil waste, and 377.43
and 461.76 °C for Ma bamboo waste with 20% engine oil waste. The first exothermal peak
of bamboo waste with engine oil waste is expected to rise as the amount of engine oil waste
content increased. Thus, the utilization of engine oil waste should enhance the calorific
value of bamboo waste.

Bamboo Waste RDF with Engine Oil Waste

The characteristics of bamboo waste refuse-derived fuels mixed with engine oil
waste are shown in Table 3. Carbon dioxide was the dominant gas released during
combustion, which was similar to woody biomass (Cheng et al. 2014). The concentrations
of sulphur and nitrogen released from bamboo waste were lower than other wood and
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herbaceous biomasses (Carpenter et al. 2014). The production of toxic SOx and NOXx
emissions during fuel combustion or co-firing were expected to be low. The corrosion and
ash deposition problems with toxic chlorine emissions are not expected to be of concern.
The results also revealed that the bamboo waste refuse-derived fuels mixed with engine oil
waste had an increased calorific value. Thus, the utilization of engine oil waste as a
binding agent is feasible. This is a solution to the problem of engine oil disposal
in factories, and it also enhances the combustion property of the refuse-derived
fuel. Comparing the quality standard requirements, calorific value, moisture, and ash
content of coal fuel designed for power plant broilers in Taipower (Taiwan Power
Company 2015), the bamboo waste-engine oil waste mixture was well within the standard
requirements. Hence, the fuel derived from the mixture of bamboo waste and engine oil
waste has the potential to be used in power broilers for electricity generation.

The combustion efficiency of the bamboo waste refuse-derived fuels were
relatively stable and were over 97% in the laboratory-scale test unit. Thus, the bamboo
waste refuse-derived fuel mixed with engine oil waste improves the calorific value of
bamboo waste, which makes it more valuable for energy recovery; additionally, this
combination achieves waste material disposal and cost reduction.
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Table 3. Calorific Value and Combustion Efficiency of Bamboo Waste Refuse

0

Derived Fuels Mixed with Engine Oil Waste
Bamboo Waste Ma Ma with Engine Oil Waste Makino Makino with Engine Oil Waste
(%) 100 20 10 5 100 20 10 5
C 44.51+0.57|51.24+0.96|47.80+0.71|46.05+0.35|43.85+0.30(50.68+1.04|47.13+0.85|44.86+1.01
N 0.07+0.01 | 0.07+0.01 | 0.07+0.01 | 0.07+0.01 | 0.070.01 | 0.07+0.01 | 0.07+0.01 | 0.07+0.01
S N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
cl N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Ca"’(ggﬁg)a'“e 4,139+84 |5,263+210 |4,720+129 | 4,40080 |4,285+102 | 5,498+67 | 4,850+72 | 4,537+81
CE (%) 97.5 97.4 98.3 97.1 97.9 98.1 97.6 97.8

CONCLUSIONS

1. The bamboo derived fuels were prepared from the wastes of Dendrocalamus latiflorus,
Phyllostachys makinoi, and Phyllostachys pubescens. In order to increase the
plasticity during the granulation process, engine oil waste was used as the binding
agent. The characteristics of derived fuel made from bamboo waste with 20% engine
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oil waste showed that the ash content is less than 5% and the calorific value reached
5,000 cal/g (which is higher than the derived fuels standards).

2. The first exothermal peak of bamboo waste with engine oil waste is expected to rise as
the amount of engine oil waste content increased.

3. The bamboo waste derived fuel has a high combustion efficiency and low nitrogen,
sulfur, and chlorine emissions (which are lower than the derived fuels standards).

4. The bamboo derived fuel prepared from the waste of Dendrocalamus latiflorus,
Phyllostachys makinoi, and Phyllostachys pubescens mixed with engine oil waste is
suitable alternative fuel.

ACKNOWLEDGEMENTS

The authors are grateful to the Ministry of Science and Technology of R.O.C. for
providing financial support (Grant No. MOST 105-2221-E-002-011).

REFERENCES CITED

Al-Mansour, F., and Zuwala, J. (2010). “An evaluation of biomass co-firing in Europe,”
Biomass Bioenerg. 34(5), 620-629. DOI: 10.1016/j.biombioe.2010.01.004

Asada, C., Kita, A., Sasaki, C., and Nakamura, Y. (2011). “Ethanol production from
disposable aspen chopsticks using delignification pretreatments,” Carbohyd. Polym.
85(1), 196-200. DOI: 10.1016/j.carbpol.2011.02.020

ASTM D3174-02 (2002). “Standard test method for ash in the analysis sample of coal and
coke from coal,” ASTM International, West Conshohocken, PA.

ASTM E0856-83R04 (2006). “Standard definitions of terms and abbreviations relating to
physical and chemical characteristics of refuse derived fuel,” ASTM International, West
Conshohocken, PA.

ASTM D5865-13 (2013). “Standard test method for gross calorific value of coal and coke,”
ASTM International, West Conshohocken, PA.

Bada, S. O., Falcon, R. M. S., and Falcon, L. M. (2014). “Investigation of combustion and
co-combustion characteristics of raw and thermal treated bamboo with thermal
gravimetric analysis,” Thermochim. Acta 589, 207-214. DOI: 10.1016/j.tca.2014.05.021

Bada, S. O., Falcon, R. M. S., and Falcon, L. M. (2015). “Characterization and co-firing
potential of a high ash coal with Bambusa balcooa,” Fuel 151, 130-138.

Berndes, G., Hansson, J., Egeskog, A., and Johnsson, F. (2010). “Strategies for 2"
generation biofuels in EU — Co-firing to stimulate feedstock supply development and
process integration to improve energy efficiency and economic competitiveness,”
Biomass Bioenerg. 34(2), 227-236. DOI: 10.1016/j.biombioe.2009.07.007

Carpenter, D., Westover, T. L., Czernik, S., and Jablonski, W. (2014). “Biomass feedstocks
for renewable fuel production: A review of the impacts of feedstock and pretreatment on
the yield and product distribution of fast pyrolysis bio-oils and vapors,” Green Chem.
16(2), 384-406. DOI: 10.1002/chin.201412271

Lin et al. (2016). “Fuel from the waste bamboo,” BioResources 11(4), 8425-8434. 8432



PEER-REVIEWED ARTICLE b | oresources.com

Chao, C. Y., Kwong, P. C., Wang, J. H., Cheung, C. W., and Kendall, G. (2008). “Co-
firing coal with rice husk and bamboo and the impact on particulate matters and
associated polycyclic aromatic hydrocarbon emissions,” Bioresour. Technol. 99, 83-
93.

Cheng, C., and Chang, K. C. (2013). “Development of immobilized cellulase through
functionalized gold nano-particles for glucose production by continuous hydrolysis of
waste bamboo chopsticks,” Enzyme Microb. Technol. 53(6-7), 444-451. DOI:
10.1016/j.enzmictec.2013.09.010

Cheng, Q., Via, B., Wang, J., and Zondlo, J. (2014). “Primary study of woody biomass and
coal for energy production investigated by TGA-FTIR analysis,” BioResources 9(2),
2899-2906. DOI: 10.15376/biores.9.2.2899-2906

Chiang, K. Y., Chen, Y. S., Tsai, W. S,, Lu, C. H., and Chien, K. L. (2012). “Effect of
calcium based catalyst on production of synthesis gas in gasification of waste bamboo
chopsticks,” Int. J. Hydrog. Energ. 37(18), 13737-13745. DOI:
10.1016/j.ijhydene.2012.03.042

Environmental Protection Administration (EPA), Taiwan (2014). "Domestic waste
management information system," Environmental Protection Administration, R.O.C.
(Taiwan).
http://hwms.epa.gov.tw/dispPageBox/pubwaste/pubwasteCp.aspx?ddsPageID=ONE&d
bid=3470361989

Fryda, L., Daza, C., Pels, J., Janssen, A., and Zwart, R. (2014). “Lab-scale co-firing of
virgin and torrefied bamboo species Guadua angustifolia Kunth as a fuel substitute in
coal fired power plants,” Biomass Bioenerg. 65, 28-41.

loelovich, M. (2015). “Recent findings and the energetic potential of plant biomass as a
renewable source of biofuels—A review,” BioResources 10(1), 1879-1914.

Jiang, J., Zhu, J., Ai, W., Fan, Z., Shen, X., Zou, C,, Liu, J., Zhang, H., and Yu, T. (2014).
“Evolution of disposable bamboo chopsticks into uniform carbon fibers: A smart
strategy to fabricate sustainable anodes for Li-ion batteries,” Energ. Environ. Sci. 7(8),
2670-2679. DOI: 10.1039/c4ee00602j

Liu, Z., Fei, B., Jiang, Z., and Liu, X. (2014). “Combustion characteristics of bamboo-
biochars,” Bioresour. Technol. 167, 94-99. DOI: 10.1016/j.biortech.2014.05.023

Liu, Z., Jiang, Z., Cai, Z., Fei, B, Yu, Y., and Liu, X. (2013). “Effects of carbonization
conditions on properties of bamboo pellets,” Renew. Energ. 51, 1-6. DOI:
10.1016/j.renene.2012.12.014

Ministry of Transportation and Communications (MOTC). (2013). Monthly Statistics of
Transportation and Communications — Number of Registered Motor Vehicles,
(Www.motc.gov.tw).

Nguyen, C. T., Wagenfiihr, A., Dai, V. H., Bremer, M., and Fischer, S. (2012). “The effects
of thermal modification on the properties of two Vietnamese bamboo species, Part I:
Effects on physical properties,” BioResources 7(4), 5355-5366. DOI:
10.15376/biores.7.4.5355-5366

Qin, S., Wang, Y., Xing, Y., Zhao, P., Bu, L., Sun, D., and Jiang, J. (2015). “Comparison of
enzymatic hydrolysis of bamboo using steam explosion and acid sulfite, alkali, and
alkaline sulfite pretreatments,” BioResources 10(4), 7580-7590. DOI:
10.15376/biores.10.4.7580-7590

Lin et al. (2016). “Fuel from the waste bamboo,” BioResources 11(4), 8425-8434. 8433



PEER-REVIEWED ARTICLE b | oresources.com

Scurlock, J. M. O., Dayton, D. C., and Hames, B. (2000). “Bamboo: An overlooked biomass
resource?” Biomass Bioenerg. 19(4), 229-244. DOI: 10.1016/S0961-9534(00)00038-6

Shen, S., Nges, I. A, Yun, J., and Liu, J. (2014). “Pre-treatments for enhanced biochemical
methane potential of bamboo waste,” Chem. Eng. J. 240, 253-259. DOI:
10.1016/j.cej.2013.11.075

Taiwan Power Company (2015). “Coal quality requirements of power plant boilers in
Taipower,” http://www.taipower.com.tw/content/new_info/new_info-
al2.aspx?LinkiD=1

TAPPI T 204 cm-07 (2007). “Solvent extractives of wood and pulp,” TAPPI Press,
Atlanta, GA.

TAPPI T211 om-07 (2007). “Ash in wood, pulp, paper and paperboard: Combustion at
525 degrees C,” TAPPI Press, Atlanta, GA.

TAPPI T203 cm-09 (2009). “Alpha-, beta- and gamma-cellulose in pulp,” TAPPI Press,
Atlanta, GA.

TAPPI T222 om-11 (2011). “Acid-insoluble lignin in wood and pulp,” TAPPI Press,
Atlanta, GA.

Vogtlander, J., van der Lugt, P., and Brezet, H. (2010). “The sustainability of bamboo
products for local and Western European applications. LCAs and land-use,” J. Clean.
Prod. 18(13), 1260-1269. DOI: 10.1016/j.jclepro.2010.04.015

Wang, L. (2012) “Application of activated carbon derived from ‘waste’ bamboo culms
for the adsorption of azo disperse dye: Kinetic, equilibrium and thermodynamic
studies,” J. Environ. Manage. 102, 79-87. DOI: 10.1016/j.jenvman.2012.02.019

Yokelson, R. J., Griffith, D. W. T., and Ward, D. E. (1996). “Open path Fourier
transform infrared studies of large-scale laboratory biomass fires,” J. Geophys. Res.-
Atmos. 101, 21067-21080.

Article submitted: January 28, 2016; Peer review completed: April 23, 2016; Revised
version received and accepted: July 29, 2016; Published: August 22, 2016.
DOI: 10.15376/biores.11.4.8425-8434

Lin et al. (2016). “Fuel from the waste bamboo,” BioResources 11(4), 8425-8434. 8434



