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Collection is still a major challenge in the supply chain of rice straw to prepare feedstock for further use.
Straw needs to be gathered from the field and compressed into bales to make it compact and easy to
transport. With the introduction of combine harvesters, the collection of rice straw has become harder

Accepted 22 August 2016 and more costly. This created negative impacts on other businesses that use rice straw. Mechanization
of rice straw collection was introduced in Vietnam in 2013 and it has rapidly developed since. Most of
Keywords: the rice straw produced in the dry season in the Mekong River Delta (MD) of Vietnam is collected for
Rice straw . . . . .
Collection mushroom and for livestock fodder production or for use as mulching materials. In order to quantify the
Baling performance of the mechanical operation of rice straw collection, this study conducted an analysis of
Energy energy efficiency, greenhouse gas emission (GHGE), and cost of rice straw collection in the MD for five

collection machines that operated on the same field, the same rice variety, and the same harvest time
under a demonstration in the MD. With rice straw yield of 4.72 t per ha, the collection machines operated
at a capacity of 0.87-2.47 t per hour. This mechanized operation can reduce labor requirement by 90%.
Specific weight of baled straw was from 73 to 104 kg per cubic meter, which is heavier by 50-100% than
that of loose-form straw, at a moisture content of 12.4 (+-1.21)% in wet basis. Total energy consumption,
ranging from 351 to 588 M] per ton of straw collected, accounted for 10-17% of the total energy input
using this collected straw for biogas production. Energy consumption from fossil fuels results in GHGE
of 60-165 kg CO, equivalent per ton of collected straw. The cost of straw collection, which ranged from
US$12 to US$18 per ton of straw in the MD, accounted for 10-20% of the total investment cost of biogas or
mushroom production. This study illustrated the feasibility of the mechanization of rice straw collection
for further processing. Despite the GHGE of this may cause through the consumption of fossil fuels,
mechanized rice straw collection creates more benefits such as avoiding in-field burning, producing

feedstock for further sustainable processing, and adding value to rice production.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Greenhouse gas emissions

1. Introduction In Vietnam, the total area planted to rice is about 7.5 million ha,

with a total yield of 40 million tons (Mt). About 55% of the country’s

Rice straw is a by-product of harvesting paddy. After traditional
manual harvesting, rice straw is carried out from the field and saved
for other uses. However, with farmers’ wide adoption and use of
combine harvesters that leave the rice straw spread out in the field,
gathering them has become a more difficult and tedious task. This
has resulted in the increase in the cost of gathering straw which,
together with the heavy labor requirement during harvesting sea-
son, make manual collection of rice straw unfeasible.
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rice production occurs in the Mekong River Delta (MD) (Tran and
Dinh, 2014). Correspondingly, about 13 million tons of rice straw
from 60% of the rice straw produced in the MD are surplus. They are
left to be burned in the field or considered as waste material while
most of the remaining 40% is collected for mushroom production,
livestock fodder production, or for use as mulching material. In the
MD, about 90% of the paddy is harvested by combine harvesters
(Nguyen et al., 2013) and the rice straw left spread out in the wet
field becomes a main constraint in the their efficient collection.
Because of this, farmers are left with no option but to burn the
straw in the field. A case study conducted in 2004 in the cities of
Can Tho and Tien Giang (two intensive rice production areas in MD)

0378-4290/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Nomenclature and Units

EE Energy efficiency

EC Energy consumption

GHGE Greenhouse gas emission

MD Mekong river delta of vietham
CO,-eq Carbon dioxide equivalent

h Hour

ha Hectare

kg Kilogram

L Liter

m Meter

% MC Moisture content in wet basis
t Ton

VND Vietnamese dong

showed that 87% of the total rice straw was burned and the remain-
ing had limited uses (Ngo, 2005). Open field burning of rice straw
has become the key factor hampering sustainable management in
intensive rice systems in Southeast Asia. Aside from causing pol-
lution and reducing the opportunities for value adding, burning
brings losses in nutrients such as 80% of nitrogen, 25% of phos-
phorus, 21% of potassium, and soil organic matter. This also kills
beneficial soil insects and microorganisms (Mandal et al., 2004).
In addition, rice straw burned in the field increases the emission
of greenhouse gases (GHGs), such as methane (CHy), at a rate of
1.2-2.2 g per kg dry straw (Kadam et al., 2000; Yevich and Logan,
2003). Other researches, on the other hand, showed that partial
removal of rice straw from the field does not significantly affect
grain yield (Buresh et al., 2008; Bijay-Singh et al., 2008; Thuy et al.,

2008). Off-field rice straw could be used for non-energy purposes
such as biochar, fertilizer, mushroom production, animal bedding,
fodder, and the conversion of energy into fuel, heat, or electricity.
The mechanization of rice straw collection was introduced in
Vietnam in 2013 and has rapidly developed since then. Now, farm-
ers are using rice straw more productively. However, there is
limited information on the techno-economic aspect of rice straw
collection machines. This study conducted an analysis of energy
consumption (EC), greenhouse gas emissions (GHGE), and cost of
rice straw collection in the MD of Vietnam. It resulted in profiles
of the researched factors (EC, GHGE, and cost) of this practice in
the context of using off-field straw for further processing, such as
biogas and mushroom production, considered within the research.

2. Materials and methods
2.1. Scope and function unit

The study was done with its in-situ measurements conducted
during a demonstration of rice straw collection machines at the
Cuu Long Rice Research Institute, Can Tho City, Vietnam in the dry
season of 2016. Profiles of EC, GHGE, and cost of straw collection
were identified in the context of using off-field straw for further
processing. Fig. 1 shows the system boundary of this research. Rice
straw is collected and transported to the side of the field by the
collection machines. EC and cost accounted for (a) direct energy,
which includes the fuel consumption of the collection and han-
dling machines and the manpower for driving and handling; and
(b) indirect energy obtained from the production and maintenance
of the machines. GHGE was calculated indirectly based on EC.

The collection machines used in the research included: (1) a
roller baler pulled by a tractor, which gathers the straw in a bale

Rice straw spread in the field by combine harvester

Roller baler pulled
by tractor

(bales in the field)

Self-propelled
baler 1

Self-propelled
baler 2

Self-propelled Gathering
baler 3 machine (loose
form)

~.

Handling by
tractor and trailer

Straw at the bund
(ready for
transportation)

Energy consumption

Direct Indirect
- Diesel consumption

- Manpower - Maintenance

- Production of machinery

GHGE
(kg CO2-eq)

Fig. 1. System boundary of the research.
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Fig. 2. (a) Roller baler pulled by a tractor. (b) Self-propelled balers. (c) Gathering
machine (loose rice straw).

but leaves the bales in the field to be collected and transported to
the side of the field in a separate operation (Fig. 2a); (2) three self-
propelled balers, which take the rice straw to the side of the field
(Fig. 2b); and (3) a self-propelled gathering machine, which collects
rice straw in loose form without baling it (Fig. 2c).

2.2. Methodology of data collection and calculation

2.2.1. Experiment field and rice straw data

The study site is a 3.46ha (309m x 112m) field located at
10° 07’ 22.98” N and 105° 35’ 12.06” E. The straw of rice variety
0OM4900 was left in the field four days after harvest using a com-
bine harvester. Seven replications with the same number of sample

quadrats of 18 m? each was randomly selected in the experimental
area to measure the cutting height (mm) of the rice straw stubbles
that remained in the field, and the yield (Mgha~1) of rice straw.
The average result in each quadrat was calculated based on five
replicated measurements. Rice straw moisture content (MC) was
measured using the oven method (drying until only dry matter is
left) based on the protocol of ASAE (1982). The average height of the
remaining stubble was 137 (+40.6) mm. Rice straw yield was 4.7
(+£0.90)tha~! at an MC of 12.6 (+1.26)% in wet basis. The standard
deviations of these parameters were high due to the lodging of the
paddy before harvest. However, the field in this case was not used
for comparative analysis or optimization of machines; it was just
used to identify the profiles of EC, GHGE, and cost of mechanized
collection in the context of using off-field straw for further process-
ing to evaluate the techno-economic feasibility of this practice. The
field was divided into five plots with 0.7 ha each. These five plots
were completely randomized to examine the five corresponding
collection machines.

2.2.2. Measurement of machine performances

The performance of the collection machines were evaluated
based on their collection capacity, diesel consumption, specific
weight of the rice straw bale, rice straw loss in the field, and the
labor involved in all related operations. The collection capacity of
the machines was calculated based on the length of collection time
corresponding to their alloted area converted to tons of straw per
hour (ht~1). The weight of straw in the working area was obtained
based on the number of bales made and the average weight of each
bale. However, for the machine that only gathers loose rice straw,
the weight of straw was assumed the same as the average weight
of straw gathered by the self-propelled balers based on our in-situ
observations. The specific weight of the straw bale (kgm~3) was
calculated based on the volume of the bale (except those that were
collected by the gathering machine).

Rice straw loss in the field (%) was calculated using Equation (Eq.

(1))

Weight of avalialble straw — weight of collected straw
Weight of available straw

x100% (M

Rice straw loss =

The weight of available straw per ha means the yield (tha=!) of
cut straw left in the field before being collected (i.e., not including
the straw stubbles that remain in the field). The weight of collected
straw was taken from the calculation for collection capacity. The
measurement of the collected straw was done two hours after mea-
suring the available rice straw, causing the rice straw to lose weight.
To avoid this error, the weight of both collected and available rice
straw were converted into the same moisture content.

It was difficult to measure the exact diesel consumption of the
machines because all five machines were made to work at the same
time during the field demonstration. Hence, diesel consumption
was calculated using Eq. (2) (adapted from Oudshoorn et al., 2008).

_ P.s.m
Y

F (2)

Where F is the fuel consumption in Lt~1; P is the power delivered
in kW, which is assumed as the full load of the machine based on its
engine capacity; s is the specific diesel consumption in g(kWh)~1,
which is selected as the maximum consumption ranging from 280
to320g(kWh)~1 (DLG, 2016); m is the engine load in%; and p is the
specific weight of diesel, which is 0.832kgl~! (UFA, 2016).
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Fig. 3. (a) Energy consumption of rice straw collection using a roller baler pulled by tractor. (b) Energy consumption of rice straw collection using a self-propelled baler. (c)

Energy consumption of rice straw collection using a gathering machine.
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Fig. 4. Energy consumption and GHGE of rice straw collection.
2.2.3. Energy calculation
EC was calculated based on Eq. (3).
-1

EC = chuel + Ecproduction + Ecmaintenance + Eclabor[MJt ] (3)

Where ECsyer, ECproduction» and ECpgintenance are the energies con-
verted from fuel (diesel in this case) consumption, production, and
maintenance of the machines for all related operations, including
collection, baling, and handling of the rice straw to the side of the
fields (Table 1). ECigpy, is converted from the manpower used for all
related operations.

Manpower EC was calculated based on the metabolic equiva-
lent of the task (MET) as shown in Table 2. This is the ratio of the
human metabolic rate when performing an activity to the metabolic

Capacity (1.77 ~o—Baler pulled by tractor
t/h)
2.0
1.6
~#-Self-propelled baler 1
Energy based
Collection Cost diesel
(16 SUS/) consumption -« Self-propelled baler 2
(423 MU/t)
—Self-propelled baler3
GHGE (92.6 Manpower (1.3 = Self-propelled - gathering
kgCO2-eq/t) M/t machine

Fig. 5. Research parameters of rice straw collection (values in parentheses are aver-
age values).

rate at rest (Ainsworth et al., 2011). This was then converted to
energy value as MJ per hour of work (Quilty et al., 2014), with the
assumption of an Asian human body weight of 54.4 kg (IAEA, 1998).

2.2.4. GHGE calculation

GHGE was calculated based on fossil fuel consumption using
Greenhouse Gas Protocol 1.01 (Ranganathan et al., 2016), which is
available in the SIMAPRO software (PRé, 2015).

2.2.5. Calculation of collection cost

The cost of rice straw collection was calculated based on the
depreciation, maintenance, interest, fuel consumption, and labor
of all related operations, including gathering, baling, and handling
of rice straw to the side of the fields.
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Table 1

Energy in diesel for fuel consumption, manufacture, and maintenance of machines.
Items Energy Value (MJL-1) Source
Diesel burned in machinery (calorific value +deliver) 44.8 a,b,cd
Manufacture and maintenance-based diesel consumption 15.6 de f

Source: a-Pimentel and Pimentel (2008); b-SIMAPRO (2015b); c-Bowers (1992); d-Richard (1992); e- Pimentel D. (1992); f-Dalgaard et al. (2001).

Table 2

Energy conversion for manual labor in related operations.
Activity Met MJh-!
Driving tractor and baler 1.9 0.44
Manual handling 3.93 0.89

MET: metabolic equivalent of task, the ratio of human metabolic rate when per-
forming an activity to the metabolic rate at rest.

2.3. Software and method of statistical analysis

Calculation and simulation of the system were conducted using
SIMAPRO software, version 8.0.5.13 (PRé, 2015). Energy analy-
sis was based on Cumulative Energy Demand 1.09 (Gallen, 2010)
whereas CO, equivalent analysis was based on Greenhouse Gas
Protocol 1.01 (Ranganathan etal., 2016). These methods and library
are available in SIMAPRO.

The measurements were conducted during actual field activi-
ties. Rice straw data, such as cutting heights, yield, and moisture
content were calculated based on randomly replicated samples.
The mean value and standard deviation of the data were calculated
using Microsoft Excel software.

3. Results
3.1. Performance of the collection machines

The performance of the collection machines differed greatly in
the density of bales, collection capacity, rice straw loss in the field,
and diesel consumption (Table 3). Except for loose straw obtained
from the gathering machine, straw roller-bales collected by the
other baler machines had almost the same length of 70 cm. This
could be attributed to the machines having the same length of
roller-chambers. The specific weight of the roller-bales ranged from
73 to 104kgm—3 at an MC of 12.4 (+1.21)% (MC of rice straw was
slightly reduced after baling). Collection capacity ranged from 0.87
to 2.47th~1. Rice straw loss in the field (which remained in the

field after collection) was very different and ranged from 18 to 43%.
Diesel consumption ranged from 4.2 to 11.9Lt~1.

3.2. Energy consumption and greenhouse gas emissions

Total energy consumption consisted of fuel used for the pro-
duction and maintenance of machines and manual labor used for
driving tractors and balers and handling straw. EC networks of the
collection machines ranged from 351 to 588 M] t~!, with the main
contributions from direct and indirect energy obtained based on
diesel used (Fig. 3a—c). GHGE ranged from 60 to 165 kg CO,-eq per
ton of collected straw, depending on the energy consumption of
the machines (Fig. 4).

3.3. Cost of rice straw collection

The cost of collecting rice straw also varied widely among baler
types (Table 4). For the baler pulled by a tractor, the depreciation
and interest cost did not account for the cost of the tractor, but was
calculated as rental cost. The collection cost already included the
cost of handling straw bales to the side of the field, which ranged
from VND 240,000 to 400,000t~ or from US$12t~! to US$18t~1.

4. Discussion

Fig. 5 shows the range of the researched parameters correspond-
ing to the five collection machines. The average capacity of straw
collectionwas 1.77 (£0.62) th~1. The highest capacity was obtained
from the gathering machine, followed by the baler pulled by a trac-
tor. This could be explained by the fact that the gathering machine
only collects loose rice straw and can thus move continuously with-
out needing to stop to unload bales like other balers do. The baler
pulled by a tractor has a higher baling capacity because it leaves the
bales in the field, whereas self-propelled balers do the added work
of taking the bales to the side of the field. The self-propelled baler,
having the lowest capacity of 0.87 th~!, can cover about 10 rounds
of labor (8 for gathering and 2 for handling). In addition to that,

Table 3
Performance parameters of the collection machines.
Baler type Specific weight of Collection Rice straw loss Diesel consumption (L Notes
roller-bale (kgm=3)  capacity (th™1) (%) )
Baler pulled by tractor 93(8.4) 2.20 214 2.61 Bales in the field
Self-propelled baler 1 73(8.3) 1.75 17.7 6.57 Bales are collected to
Self-propelled baler 2 104 (7.7) 1.58 21.9 7.26 the side of the field
Self-propelled baler 3 75(10.5) 0.87 42.6 11.92
Gathering machine NA 2.47 NA 418 Loose straw is collected to the side of the field

Value in parenthesis is standard deviation.

Table 4

Cost of rice straw collection (VND t~1).
Baler type Depreciation +interest Diesel consumption Labor Rope for baling Total
Baler pulled by tractor 53,450 30,038 76,500 76,923 236,911
Self-propelled baler 1 92,570 75,550 34,200 76,923 279,243
Self-propelled baler 2 165,520 83,483 69,000 76,923 394,926
Self-propelled baler 3 108,610 137,053 38,100 76,923 360,686
Self-propelled — gatherer 65,166 48,107 138,000 251,273

" Depreciation cost does not include the cost of tractor.
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19.9% Land used (rental)
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& 295 \4.8%

Total cost of using 1 ton straw for
mushrom production: 5 million VND

Fig. 6. Cost percentage of the components in mushroom production using 1 ton of
straw.

straw cannot be baled manually. Therefore, mechanized collection
is necessary to not only solve the problem of labor shortage, but
also to enable ease of transportation and reduced cost.

The energy consumption of self-propelled balers was higher
than the other collection machines because they moved on rubber-
chain wheels. For a better comparison of balers and the gathering
machine on energy balance and cost, an assessment that includes
subsequently compressing loose straw into bales should be done.
In comparison with manual collection, the energy consumption of
mechanized balers, which is mainly from fossil fuels, causes an
adverse impact. However, assuming that rice straw is collected
and used for biogas production, this range of energy consumption
(317-721 MJ t~1) only accounts for 10-17% of the total input energy
of rice straw anaerobic digestion, which generated a net energy of
3500 (£160)M] t~! of straw (Nguyen et al., 2016).

The fossil fuel consumption of mechanized collection resulted
in GHGE of 70-160 kg CO,-eq for each ton of straw collected. This
almost equaled the emission from burning the same amount of rice
straw in the field, which was calculated based on the data men-
tioned in the introduction. However, assuming that this collected
straw is used for biogas production (Nguyen et al., 2016), the bio-
gas generated can replace the use of fossil fuels and thus reduce 87
(£4.3)kg CO,-eq for one ton of straw.

Mechanized collection also saves labor and solves the problem
of labor shortage. Labor for driving tractors or balers and handling
rice straw contributes to only about 0.25% of the total EC for mech-
anized collection. This result is similar to results in previous studies
(Olesen et al., 2004; Dalgaard et al., 2001).

The cost of collection varies among the machines and depends
not only on the parameters shown in Fig. 5 but also on the invest-
ment and maintenance cost of the machines. This cost range from
US$12 to US$18 per ton of straw. Similarly, assuming that the col-
lected straw is for anaerobic digestion (Nguyen et al., 2016), the
value of biogas generated (390 m3 t~! of straw) for about 160 Liters
of kerosene is about US$160. It means that straw collection cost
only accounts for 8-13% of the output value of processing.

In the MD of Vietnam, one of the popular uses of rice straw
is for mushroom production. An assessment for this practice was
done recently to find the role of the collection cost in this pro-
duction, which resulted in the cost components shown in Fig. 6.
The rice straw cost, including collection and transportation (50 km),

accounted for 25.8% of the total investment cost; net profit of mush-
room production using 1 ton of straw was US$123 (£14).

5. Conclusions

Collection plays an important role in the rice straw supply chain
to prepare feedstock for further uses. This study made a techno-
economic and GHGE evaluation of mechanized straw collection and
has resulted in the following findings:

e The capacity of the collection machines was 0.87-2.47t per
hour for operation in the rice field with a straw yield of 4.72 t per
ha. This mechanized operation can reduce labor requirement by
90%. The specific weight of baled straw was 73-104kgm~3 at a
moisture content of 12.4 (£1.21)% in wet basis, higher by 50-100%
than that of loose rice straw.

e Total energy consumption required was from 351 to 588 M]
per ton of straw collected, which accounted for 10-17% of the
total input energy of using the collected straw for biogas produc-
tion. This energy consumption from mechanization caused GHGE
of 60-165 kg CO, equivalent per ton of collected straw.

eThe cost of straw collection ranged from US$12 to US$18
per ton of straw in the MD, accounting for 10-20% of the total
investment cost of biogas or mushroom production; net profits of
mushroom production was US$123 (£14) per ton of straw used.

This study illustrated the feasibility of the mechanization of rice
straw collection. Despite fossil fuel consumption in mechanization
resulting in GHGE, mechanized rice straw collection can help avoid
in-field burning, produce feedstock for further sustainable process-
ing, and add value to rice production.
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