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GHG emission

To evaluate the greenhouse gas (GHG) emission mitigation potential of rice husk utiliza-
tion, a life cycle inventory analysis was conducted for 18 scenarios. The allocation of fuels,
other than rice husks, was decided based on the current demand for and supply of rice
husks. To prevent the bulky nature of rice husks, briquette production is also discussed. In
the power generation scenarios, the differences between two capacities (5 MW and 30 MW)
were analyzed. The results of analysis reveal that CH, and N,O emissions from open
burning contribute largely to the current GHG emissions. Therefore, ceasing open burning
alone has a large GHG mitigation potential. The use of briquettes, even though GHG is
emitted during the production stage, can still contribute to GHG emission mitigation as the
production is more efficient than rice husk burning or dumping. In the power generation
scenarios, most GHG emissions were derived from the combustion process. Therefore,
gasification which has a little combustion process is the most efficient GHG mitigator. Both
the replacement of grid electricity by generated electricity, and the replacement of diesel

Mitigation oil by pyrolyzed oil show larger GHG mitigation potentials than what could be derived from
open burning cessation alone.

© 2011 Elsevier Ltd. All rights reserved.

1. Background, aim, and scope high turbidity in the canals and rivers. These problems

Rice is the main agricultural crop cultivated throughout the
country in Vietnam. The annual production is approximately
36 million tones, of which more than 50% takes place in the
Mekong River Delta in Southern Vietnam [1]. There are many
rice mills throughout the area and the high volume of rice
husks that are considered as waste after milling are not
appropriately treated. Some of them are dumped into the
dense canal and river systems, polluting the waters and dis-
turbing the habitat for fish populations. The discarded rice
husks decrease the dissolved oxygen seriously by covering the
water surfaces, further causing pungent odors, black color and

* Corresponding author. Tel.: 481 3 5841 6255; fax: +81 3 5841 8533.

generate economic costs by increasing the fees for managing
catfish disease and reducing productivity. Communities living
along the rivers are also affected through using of polluted
water for bathing, washing and drinking. Rice husk dumping
into the rivers is still observed today, especially in rural areas,
even though the practice is illegal and has been strictly ban-
ned in Vietnam. As an alternative to river dumping, mill
owners are burning the excess husks in the open air which is
becoming increasingly prevalent. This causes not only respi-
ratory disease but also severe fire accidents. Many countries
have introduced new regulations to restrict field burning of
rice husks [2]. However, in Vietnam, there still remains to be
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seen any policies or support by the Vietnamese government to
treat or use rice husks economically responsibly.

Rice husks are defined as renewable energy resource which
can mitigate greenhouse gas (GHG) emissions and used in this
way, instead of as waste, will mean less pollution; further due
to the husk’s low sulfur and heavy metal contents [3]. Con-
verting rice husks into heat, steam, gas or liquid fuels would
benefit countries that have no conventional energy resources
[2]. Promoting the use of rice husks by the energy sector would
curb local environmental problems, such as rice husk
dumping and open burning, and highlight the benefits of GHG
reduction to the community and environment. In Vietnam,
several pre-feasibility studies were carried out to install rice
husk power plants [4—7], but so far such plants have not been
realized. The current low electricity costs and the lack of
sufficient incentives for renewable energy are possible limi-
tations [8].

Recently, many innovative biomass-use technologies such
as gasification and pyrolysis have been developed. In this
study, the potential of rice husks as a renewable energy
resource was evaluated, taking into account new technologies
as well as conventional uses for rice husks, such as cooking
and brick making. The supply and current demand of rice
husks were estimated using local statistical data. Based on the
results, scenarios for the use of rice husks were developed,
and then evaluated from the aspect of GHG mitigation using
Life Cycle Inventory Analysis. Finally, an effective utilization
of rice husks is proposed.

CAMBODIA

2. Estimation of rice husk supply and demand
2.1. Study area

An Giang province situated in the Mekong River Delta region
was selected as the study area, because it has the largest
paddy area in Vietnam with 520 000 ha in use [9] and, there-
fore, it can be a potential market place for rice husk energy
production. An Giang has 2.2 million people with a density of
625 persons per km? [9]. Within the area, besides the two main
branches off the Mekong River, namely the Tien and Hau
Rivers, there are a lot of small rivers and canals evenly
distributed throughout the area (Fig. 1). An Giang province has
one city (Long Xuyen), one provincial town (Chau Doc) and 9
districts (Chau Phu, Chau Thanh, Cho Moi, Phu Tan, Tinh Bien,
Tri Ton, Tan Chau, Thoai Son and An Phu), all of which are
considered as target regions in this study. There are more than
1000 rice mills, of which more than 200 have larger capacities
above 100 t/d [9]. Most rice mills are located on the banks of
canals and the two major rivers, taking advantage of the dense
water transport network. This province suffers from serious
pollution problems from inadequate rice husk waste disposal.

2.2.  Auvailability of rice husks

The availability of rice husks depends on the rice production
and the proportion of husks in a paddy. In An Giang province,
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Fig. 1 — Map of An Giang province.
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rice is cultivated three times in a year, mainly in the win-
ter—spring season (Feb—Apr), followed by summer—autumn
(Jun—Aug) and autumn—winter (Oct—Dec) seasons. The
amount of available rice husks was estimated using the
statistical data of rice production in each season provided by
the An Giang statistic office [9]. Many studies have reported
that the proportion of husks in a paddy is 20% [2,3,10—13]. This
value was also supported by our interviews with mill owners
in An Giang province. Multiplying the proportion (0.2) by the
rice production, quantities of rice husks were calculated. The
total quantity of rice husks in An Giang province for 2007 was
estimated at 620 000 tons per year (t/y), of which 52.5% was
generated in the winter—spring season.

2.3. Current use for rice husks and demand estimation

2.3.1. Cooking

Woods and agricultural residues such as rice husks, rice
straws, coffee husks, and bagasse are widely used as fuels for
cooking especially in rural areas in Vietnam. The current
demand for each fuel for cooking was estimated by multi-
plying the number of households using a type of fuel in An
Giang province [9] by the average household fuel consumption
in Vietnam [14]. As shown in the first column (A) in Table 1,
fuel wood is mainly used for cooking fuel in rural areas, whilst
liquid petroleum gas (LPG) is the main energy source for
cooking in urban areas. In total, 65% of households rely on fuel
wood for cooking whereas only 7% of households use rice
husks [9]. In practice, each household uses various fuels in
combination not just one type of fuel. However, due to data
availability, it was assumed that each household used mainly
one type of fuel. When fuel consumptions (B) in urban and
rural areas are compared, more amounts of fuels are used per
household in rural areas. This is mainly caused by the
difference in family sizes. The average persons per household
are 4 and 6 in urban and rural areas, respectively [9]. The total
rice husk demand for cooking in An Giang province is esti-
mated at 53,100 t/y, accounting for 8.6% of the rice husk

supply.

2.3.2. Brick kiln

In the Mekong River Delta, the use of rice husks for brick
making and in other local industries is widely spread because
of lower prices, local availability and reliability of supply. It
was found that 0.4 kg of rice husks are needed to produce one

Table 1 — Cooking fuel use and total fuel consumption.

Fuel type (A) Number (B) Fuel Total
of consumption, consumption
household [kg/household] (A x B)
9] [40] [1000 t/y]

Urban Rural Urban Rural Urban Rural Total

LPG 63371 56262 357 604 2262 3398 56.61
Coal 2488 2321 816 1380 2.03 320 523
Wood 43 822 237 236 1083 1831 47.46 434.38 481.84
Rice husk 14 040 15863 1300 2197 1825 34.85 53.10

brick, through interviews with brick kiln owners in An Giang
province. According to the An Giang statistical office, 400
million bricks are produced annually [9]. From these data, the
amount of rice husks used in brick kilns are estimated at
160 000 t/y, accounting for 25.8% of the rice husk supply.

In total, 213 000 t/y of rice husks are utilized and the excess
(407 000 t/y) rice husks (65.6%) are disposed. The scenarios
evaluated in this study use these estimated values of rice husk
supply and current demand.

3. Preparations for life cycle inventory
analysis
3.1.  Alternative uses for rice husks

The simplest way to use rice husks is direct combustion for
heat energy, which is popular in rural households in devel-
oping countries. Combustion in a furnace is a traditional and
well-established technology, however, combustion efficiency
is quite low compared to other methods for generating energy
[15]. Electricity generation using steam engines through
combustion is another technology already applied in many
developing countries [16]. Gasification has been considered as
an alternative energy generating technology with a higher
efficiency than direct combustion. The gases synthesized
from rice husk in a gasification system, such as CO, H, and
volatile hydrocarbons, can be used for electricity generation
using internal combustion engines and generators. Separately
from the technologies of electricity generation, liquid fuel
production by pyrolysis is another stream. The produced bio-
oil can replace diesel oil and new engine systems for this oil
have been developed all over the world [17].

One of the critical disadvantages of using rice husk is
managing its bulky volume. To overcome this disadvantage,
briquettes produced by compressing rice husks, can be
applied here. This technology has already been used in many
developing countries as well as in Vietnam. The technologies
and uses of rice husks taken into consideration in this study
are summarized and shown in Fig. 2.

3.2. Data preparation for inventory analysis

3.2.1. Direct combustion in cooking and brick making

Direct combustion is the most common technical option for
rice husks as a source of energy. Currently, as already esti-
mated in 2.3, only a small quantity of rice husks is used in
household cooking and brick making. As energy demand for
household cooking increases, surplus rice husks can be
promoted as a fuel alternative which is affordable and easy to
obtain. The greenhouse gas emission mitigation can be ach-
ieved by utilizing rice husks in place of the fossil fuels. In this
study, it is assumed that rice husks or briquettes can replace
liquid petroleum gas (LPG), coal and fuel wood for household
cooking and brick making. Some GHG emissions from rice
husk utilization are a consequence of CH, and N,0 emissions
during combustion. Emission from rice husk transportation
for domestic use is negligible because people usually obtain
the rice husks from neighborhood mills using bicycles or
water boats.
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Fig. 2 — Uses for rice husks and rice husk briquettes.

When fuel replacement is considered, the lower heating
value (LHV) and combustion efficiency of a cooking stove
should be taken into account. Those values reported in
previous papers are summarized in the first and second
columns (a & b) in Table 2. Some previous studies have
reported rice husk LHV values as shown in Table 3. The lowest
LHV value was seen for the Vietnamese case [18] which
accounted for Vietnam being selected as a model for this
study. Multiplying the LHV by the stove efficiency, the modi-
fied LHV including stove efficiency was estimated (Table 2 (c)).
Based on the modified LHV, the replacement factor among
fuels was then calculated (Table 2 (d)).

In the case of brick making, the furnace efficiency for each
fuel — LPG, coal, fuel wood, rice husk, briquette — was not
available, therefore, the requisite amount of fuel for the
production of one brick was used instead: 0.3 kg of coal [19] or
0.18 kg of fuel wood [14]. The briquette is assumed to be
equitable to the fuel wood value.

The total GHG emission from household cooking and brick
making in An Giang province was estimated with the equation
as follows:

EmGHG = Z(FI X Efl)

Where:

Emgug: GHG emissions [t COzeq/y]

Fi: consumption of fuel i [t/y] (i: coal, LPG, fuel wood, rice
husk, and briquette)

Efi: GHG emission factors of fuel i [t CO,eq/t fuel] (with
Global Warming Potential, tCO,eq/t GHG (CHa: 21; N,O: 310 —
IPCC, 2006))

The default GHG emission factors for stationary combus-
tion stated by the Intergovernmental Panel on Climate Change
IPCC (2006) were summarized and used as shown in Table 4.

Table 2 — Estimated replacement factors based on stove
efficiency and LHV.
Fuel (@) (®) () (d)
Cooking Low Modified LHV Replacement
stove heating (incl. stove  factor (incl.

efficiency value efficiency) stove
[%] [MJ/kg] (a x b), [MJ/kg] efficiency)
[keg/kg]
LPG 60[14,41]  47.3[28] 28.4 0.06
Coal 22[14,41]  20.7[28] 4.55 0.34
Fuel 17[14,41]  15.6[28] 2.65 0.59
wood
Rice 12[14,41] 13.0 1.56 1.00
husk
Briquette 17[42] 16.3[43] 2.77 0.56

For a rice husk briquettes, the greenhouse gas emission factor
is assumed to be same as that of fuel wood.

3.2.2.  Power generation by combustion or gasification

The most popular combustors for biomass applications are
stoker-fired and fluid bed designs. The fluid bed boilers have
long been available for capacities ranging from 15 to 715 MW.
Bubbling fluid bed boilers tend to be limited to the lower size
range, whilst circulating fluid bed boilers are applicable to any
capacity [17]. Besides the combustors, the selection of gener-
ating machinery also depends on capacity. While steam
engines are available in the capacity range from 50 kW to
1 MW, steam turbines can cover the range from 0.5 MW up to
more than 500 MW [20]. According to Bhattacharya et al.
(1999), the combustion efficiencies of rice husk power gener-
ation using steam turbines for the capacities 29 MW, 2.5 MW
and 1 MW are 31.3%, 15% and 13%, respectively [21]. A feasi-
bility study in Vietnam also showed that the efficiency of a rice
husk combustion power plant is 25% for 27 MW capacity [8].
The decrease in efficiency is usually observed when the

Table 3 — Moisture content and lower heating value of
rice husk.

References Moisture [%)] LHV [MJ/kg]
[44] 5.7 14.2
[45] 8.6 15.8
[46] 12.4 14.5
[11] 9.4 15.0
[18] 8.8 13.0

Table 4 — GHG emission factors for stationary combustion
in residential areas [28].

Fuels GHG emission GHG emission  Total GHG
from combustion from production emission
[28] [kg COseq/  phase [kg COzeq/ [kg COzeq/
kg fuel]® kg fuel] kg fuel]
LPG 2.990 0.230[47] 3.220
Coal 2.160 0.110[29] 2.270
Fuel 0.118 0 0.118
wood
Rice 0.100 0 0.100
husk
Briquette 0.123 0.060° 0.183

a The data shown in IPCC [kg COzeq MJ] are converted using LHVs.
b Calculated from electricity consumption through interview
result in An Giang (17/Sept/2008).



http://dx.doi.org/10.1016/j.biombioe.2011.05.023
http://dx.doi.org/10.1016/j.biombioe.2011.05.023

3660

BIOMASS AND BIOENERGY 35 (2011) 3656—3666

capacity becomes smaller. Mahin (1989) showed that a 100 kW
power generation system only has 7% efficiency [22]. The
relationships between capacity and efficiency reported in
previous studies are summarized and shown in Fig. 3. In the
case of fuel wood combustion, the efficiency is higher than
that for rice husks. The reported values are 28% at 5 MW [23]
and 29.8% at 25 MW [24] for fuel wood. According to the
OECD report, the efficiency of biomass combustion can be
30—35% in the 5 MW—25 MW range [25].

Like the combustion process, the gasification system also
shows various efficiencies depending on capacity. The gasifi-
cation of coal is now well-established, and biomass gasifica-
tion is attracting attention and developing rapidly. Gasifiers
have been designed in various configurations, however, only
the fluid bed type is put to practical use in the range of
capacities 2.5—150 MW [17]. For the generating machinery, gas
engines and gas turbines are usually used. The efficiencies
reported in previous studies are summarized in Fig. 4.
According to Yin et al. [26], the efficiencies of rice husk gasi-
fication for 200 kW and 1 MW capacities are 12% and 17%,
respectively. Bergqvist et al. [8] reported the efficiency to be
16% for 3 MW capacities. In the case of fuel wood gasification,
the efficiency can reach 30—40% in the 10—30 MW range [25].

In this study, the fluidized bed systems equipped with
steam and gas turbines were the technologies assumed for the
combustion and gasification processes. The assumed capac-
ities and efficiencies are summarized in Table 5. Two capac-
ities, 5 MW and 30 MW, were considered. Briquettes can be
applied only to in combustion scenarios, assuming the effi-
ciency is the same as fuel wood.

The GHG emission from the combustion process is derived
from three components: (1) use of residual oil in the
combustion start-up process, (2) N,O and CH, emissions
during combustion and (3) transportation by motor boats.
Replacing national grid electricity with electricity generated
from rice husk and briquette was counted as a GHG reduction.

It is reported that 500—600 L residual oil is needed for each
start-up [27]. In deciding the frequency of operation, the
operational condition of the power plant must be taken into
account. If operation time is limited to approximately 15 h per
day, a daily start-up is required, causing larger GHG emis-
sions. Therefore, continuous operation is preferable. In this

: Ik |
Cofiring [50]
30 NN
. I
° BIGCC [50]
kS GT[50]
£ 201 [l
: e e |1 e
w ICE (6] ICE [8]
10 |l
ICE [26]
ICE [21] ‘
0 il |
0.001 0.01 0.1 1 10 100
Capacity, MW
+ Rice husk = Fuel Wood

ICE: Internal combustion Engine; BIGCC: Biomass gasification combined cycle; GT: Gas turbine

Fig. 4 — Biomass gasification power plant combustion
efficiencies.

study, operating a system 5000 h with 5 breaks per year is
applied which was adopted by a rice husk power plant in
Thailand following a Clean Development Mechanism (CDM)
feasibility study [27].

CH, and N,0 are emitted during the combustion process in
a power plant. Combustion is defined as controlled combus-
tion as applied in industries, and IPCC emission factors for
industrial combustion were applied [28].

The transport emission depends on transport distance
which was calculated in the following order: (1) the number of
potential power plants was calculated based on plant capacity
and rice husk supply, (2) the area for one plant was calculated,
(3) the radius was used as the average distance traveled from
mill to the power plant assuming that the power plant and rice
mills are located at the center and at the circumference,
respectively, and (4) trip frequency was determined by the
distance and motor-boat capacity.

Generated electricity can replace national grid electricity.
Net power generation is defined as the power remaining after
subtracting the parasitic power from the gross power gener-
ation. Parasitic power is the power consumed by the plant or
system itself and is assumed to be 10% of the gross power
generated [21]. The carbon intensity of national grid electricity
was calculated based on the total electricity generated
(69 074 GWh) and fuel consumed for electricity generation
during 2007 [18]; the fuel breakdown is anthracite coal
(3646 ktoe), diesel oil (821 ktoe) and natural gas (4916 ktoe).

40 . . L
‘ The IPCC emission factors for stationary combustion in the
ST[21 . . . . .
,[ l] energy industries [28] and emission from production of these
30 -
. ST[20] ST[20]
® .y ST[21]
Iy STR0lgT (12
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%]
E ST[21] o
10 ST[20] & st Table 5 — Capacities and combustion efficiencies for
‘ R SE [20] power generation plants.
*
SE 148 ‘S‘E ‘[481‘SE 4l Feedstock Technology Capacity [MW] Efficiency [%]
0 T .
0.01 0.1 1 10 100 Rice husk Combustion 5 15
Capacity, MW 30 25
# Rice husk = Fuel Wood Gasification 5 16
ST: Steam turbine; SE: Steam engine 30 30
. . . . Briquette Combustion 5 25
Fig. 3 — Biomass combustion power plant combustion 30 30

efficiencies.
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fuels were applied as followed; 4.1 g CO,.q/MJ for anthracite
coal [29], 3.3 g CO%.o/MJ for diesel [30], and 0.81 g COeq/MJ for
natural gas [31]. The carbon intensity was estimated at
0.459 kg CO%eq/kW h, which is rather small due to a higher
dependence (42.2%) on hydro power in Vietnam [18].

The basic data and GHG emission factors applied for the
power generation plants are listed in Tables 6 and 7.

3.2.3.  Fuel production by pyrolysis

Pyrolysis is a type of energy recovery process which generates
char, oil and gas products, all of which have potential uses
[32]. Pyrolysis liquid is different from conventional diesel fuels
but this oil has been reported to be a good performance 0il [17].
In the pyrolysis process, GHG emission is derived from (1)
nitrogen gas for fluidizing, (2) zeolite as a catalyst, (3) elec-
tricity use and (4) transportation, and GHG mitigation can be
achieved by replacing diesel oil with the produced oil.

For production of nitrogen gas and the zeolite catalyst, the
inventory data offered by JLCA (Life Cycle Assessment Society
of Japan, Japan Environmental Management Association for
Industry) were modified and adopted in this study. The elec-
tricity input to nitrogen gas production is 0.271 kW h/kg,
which is equivalent to 0.114 kg CO,./kg based on carbon
intensity in Vietnam. To produce 1 kg of fluid catalytic
cracking (FCC) catalyst, 0.180 kW h electricity, 0.476 m> natural
gas and 17.7 kg steam are needed. The local GHG emission
factor for steam production is not available. Therefore, the
total GHG emission for 0.935 kg of FCC offered by JLCA was
applied for the following calculations.

Taking into account the difference in LHVs between bio-oil
(28.15 MJ/kg) [10] and diesel oil (43 MJ/kg) [28], 1 kg of bio-oil

can replace 0.65 kg of diesel oil. GHG emission factors,
0.74 kg COyeq/kg [33] and 3.24 kg COyeq/kg [30] for, respectively,
diesel oil production and combustion were used in calcula-
tions. The yield of liquid oil from rice husks was set at 20%
with catalytic treatment [10]. All data applied to the pyrolysis
process are summarized in Table 8.

3.3. Scenarios

Based on rice husk supply and current local demands, the
following scenarios were set up. The scenario description and
fuel allocation in each scenario are shown in Tables 9 and 10,
respectively. The total supply was fixed at 620 000 t/y as esti-
mated in 2.2.

S0 is defined as the baseline scenario, in which case the
current use and disposal of rice husks is applied. Current
demands for cooking (8.6%) and brick making (25.8%) were
maintained, and the excess (65.6%) was considered treated by
open burning. At this present time some rice husks are still
being dumped into the river instead of being burnt, therefore,
this baseline setting may over-estimate GHG emissions.
However, open burning of all excess rice husks was assumed
here due to the recent and severe increase in open burning,
triggered by the prohibition of river dumping by law.

It was assumed that the current use of rice husks, based on
their affordability would not dramatically change. Therefore,
current demand figures were maintained in some scenarios.
In S1, it was assumed that the current demands are main-
tained and all excess rice husks are used for cooking. As rice
husks are more affordable than other fuels, the priority of
replacement is set as following order: coal, LPG, and finally,

Table 6 — Basic data for power generation plants.

Categories Applied data Data sources
Operation Operating time 5000 h/y CDM in Thai [27]
Start-up Frequencies 5 times/y "

Residual oil use 600 L/one start-up "

Density of residual oil 0.89 kg/L Standard unit conversion factor
Transportation Boat capacity RH?: 10 t/boat Interview in An Giang (17/Sept//2008)

RHBP: 12 t/boat

Diesel oil use 0.4 kg/km "

Replacement by generated electricity 90% (10% for internal use) [21]

a RH: rice husk.
b RHB: rice husk briquette.

Table 7 — GHG equivalent emission factors for power generation plants.

Categories Emission factors Unit Data sources
Operation RH combustion 0.024 kg COzeq/kg? Agricultural biomass combustion in the energy industries [28]
RHB combustion 0.031 kg COseq/kg? Fuel wood combustion in the energy industries [28]
Residual oil® 3.272 kg COzeq/kg? Residual oil combustion in the energy industries [28]
Transportation  Diesel oil® 3.382 kg COseq/kg? Diesel oil mobile combustion in transport [28]
Replacement Grid electricity 0.459 kg COeq/k Wh  Calculated

a Original data shown in kg CO,.q/MJ are converted into kg CO,eq/kg using LHVs.
b The data include GHG emission from production phase — 0.142 kg COaq/kg 0il [30].
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Table 8 — Basic data for pyrolysis plant.

Categories Applied Data source
data
Plant capacity 3120 t/y [10]
Operation Nitrogen gas 6300 m%/y "
Electricity = 250 MW h/y 7
Catalyst 1250 kg/y "

oilyield  20% "

Transportation Boat 10 t/boat Interview in An Giang
capacity (17/Sept//2008)
Diesel oil 0.4 kg/km "
use

fuel wood. The replacement of LPG is adopted mostly in rural
areas, because it is more difficult to change the convenience of
using LPG in urban lifestyles.

S2 and S3 scenarios for power generation were designed in
keeping with current demands. The excess rice husks (65.6%)
were assumed to be used for power generation through
combustion (S2) or gasification (S3). In association with these
scenarios, S4 and S5 were set up assuming that all rice husks
are used for power generation through combustion (S4) or
gasification (S5). The alternative fuels for cooking and brick
making were assumed to be LPG and coal, respectively. As
already shown in Table 5, two capacities, (a) 5 MW and (b)
30 MW were considered for the power generation scenarios.
Table 11 summarizes the calculated transportation distances
adopted here based on the plant capacities.

Table 9 — Scenario description.

Scenario Technology Capacity Feeding  Target rice

stocks  husk amount

S1 Cooking Rice husk Excess *

S1B1 Rice husk All
briquette

S1B2 Rice husk Excess
briquette

S1B3 Rice husk Excess + cooking
briquette

S2a Combustion 5 MW Rice husk Excess

S4a power plant 5 MW Rice husk All

S2Ba 5 MW Rice husk Excess
briquette

S4Ba 5 MW Rice husk All
briquette

S2b 30 MW  Rice husk Excess

S4b 30 MW  Rice husk All

S2Bb 30 MW  Rice husk Excess
briquette

S4Bb 30 MW  Rice husk All
briquette

S3a Gasification 5 MW Rice husk Excess

S5a power plant 5 MW Rice husk All

S3b 30 MW  Rice husk Excess

S5b 30 MW  Rice husk All

S6 Pyrolysis Rice husk Excess

S7 Rice husk All

*[Excess rice husk] = [All generated rice husk] — [Current demand
for cooking and brick making].

S6 and S7 are scenarios for bio-oil production by pyrolysis.
All rice husks were assumed used in the S7 scenario, whereas
the current demand was maintained for the S6 scenario.
Based on the plant capacity (3120 t RH/y), transportation
distances for S6 and S7 were estimated at 5.5 and 4.4 km/trip,
respectively.

Rice husk briquettes can be utilized only in combustion
processes, such as cooking, brick making and power genera-
tion using combustion. They cannot be applied to the gasifi-
cation and pyrolysis processes, which usually require smaller
sized material (less than 2 mm) and homogeneous feed-stocks
[34]. In S1B1, all rice husks are converted into briquettes and
they were allocated to cooking and brick making. In S1B2, the
current demands of rice husks for cooking and brick making
were maintained, and the excess rice husks were used to
make briquettes. In S1B3, the current demands of rice husks
for brick making were maintained, and the remained rice
husks were used to produce briquettes. There would be some
difficulty for consumers to shift from using fuel wood to
briquettes due to the higher price of briquettes. On the other
hand, the direct advantage of briquettes is their easiness to
handle. Therefore, replacing coal and LPG in rural areas with
briquettes was assumed to precede that of fuel wood in the
briquette scenarios.

Using briquettes for power generation through combustion
was also considered. Current demands were maintained in
S2B, whereas all rice husks were allocated to briquette
production and then used for power generation in S4B; as with
S4, the alternative fuels for cooking and brick making are
assumed to be LPG and coal, respectively.

4, Results and discussions

Table 12 shows the estimated GHG emissions for the baseline
scenario (S0) and scenario considering the domestic uses of
rice husks and briquettes. As shown in SO, potentially miti-
gating GHG depends on the combustion of LPG, coal and fuel
wood, and open burning. A large part of the GHG emissions
can be reduced by the prevention of open burning, because the
emitted CH4 and N,0 by open burning (0.10 kg CO,eq./kg rice-
husk [28]) contribute to the GHG emission although CO, from
biomass burning is not counted. Even when GHGs are emitted
during the production process, the use of briquettes can
mitigate GHG emissions due to their higher density, higher
calorific value and higher stove efficiency compared to rice
husks.

Fig. 5 shows GHG emission for 1 kWh electricity generation
in the S2 and S3 scenarios. The estimated GHG emissions from
transportation are smaller than emissions from combustion.
This can be due to the use of motor boats and small trans-
portation distances. A significant difference in total GHG
emission was observed between gasification and combustion
processes. In the gasification process, air can accelerate the
process; therefore, no input of fuel for start-up is required. No
CH,4 and N,O emissions during the gasification process also
greatly influence the results. GHG emission during gasification
is only due to the transportation of rice husks, resulting in
smaller GHG emissions overall. In the combustion scenarios,
the larger capacity (30 MW) results in higher combustion
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Table 10 — Fuel allocation in each scenario.

[1000 t/y] So* S1 S2 S3 S4 S5 S6 S7 S1B1 S1B2 S1B3 S2B S4B
Cooking Rice husk 53 460 53 53 0 0 53 0 0 53 0 53 0
Briquette 0 0 0 0 0 0 0 0 470 388 438 0 0

Coal 5.2 0 5.2 5.2 5.2 5.2 5.2 5.2 0 0 0 5.2 5.2

LPG (urban) 22.6 22.6 22.6 22.6 235 23.5 22.6 235 22.6 22.6 22.6 22.6 235

LPG (rural) 34.0 12.5 34.0 34.0 35.7 35.7 34.0 35.7 0 0 0 34.0 35.7
Fuel wood 434 0 434 434 434 434 434 434 339 393 372 434 434
Brick making Rice husk 160 160 160 160 0 0 160 0 0 160 160 160 0
Briquette 0 0 0 0 0 0 0 0 120 0 0 0 0
Coal 0 0 0 0 72 72 0 72 0 0 0 0 72
Power combustion  Rice husk 0 0 407 0 620 0 0 0 0 0 0 0 0
Briquette 0 0 0 0 0 0 0 0 0 0 0 388 590
Gasification Rice husk 0 0 0 407 0 620 0 0 0 0 0 0 0
Pyrolysis Rice husk 0 0 0 0 0 0 407 620 0 0 0 0 0
Open burning Rice husk 407 0 0 0 0 0 0 0 0 0 0 0 0

*baseline.

Table 11 — Estimated transportation distances in power generation scenarios.

Category Unit S2a S3a S4a S5a S2Ba S4Ba S2b S3b S4b S5b  S2Bb S4Bb

Capacity MW 5 30

Efficiency % 15 16 15 16 25 25 25 30 25 30 30 30

Number of plants - 8.8 94 134 143 17.6 26.7 2.5 2.9 3.7 4.5 3.5 5.3
(tentatively calculated)

Transport distance km/trip 222 215 180 174 15.7 12.8 42.1 38.4 34.1 311 35.1 28.5

Total distance 10% km/y/plant 102 93 83 75 29 24 699 532 567 431 323 262

Table 12 — GHG emissions in baseline and scenarios related to local uses [unit: 10° t CO2q/y].

Emission sources S0 S1 S1B1 S1B2 S1B3
Cooking (combustion) Rice husk 0.05 0.46 0 0.05 0
Briquette 0 0 0.58 0.48 0.54
LPG 1.82 1.13 0.73 0.73 0.73
Coal 0.12 0 0 0 0
Fuel wood 0.58 0.58 0.46 0.53 0.5
Brick making (combustion) Rice husk 0.16 0.16 0 0.16 0.16
Briquette 0 0 0.15 0 0
Briquette production 0 0 0.35 0.23 0.26
Open burning 0.4 0 0 0 0
Total emission 3.13 2.33 2.27 2.18 2.19
Difference from the baseline = —-0.80 —0.86 —-0.95 —0.94

efficiency, hence, smaller GHG emissions per 1 kWh generated
is observed in the scenario S2b. In the case of briquette use,
GHG emission derived from the production phase is larger
than that estimated for during the combustion phase.

The GHG emission from the construction phase was not
included in our estimations. As mentioned in Mcdougall et al.
(2001) [35], construction GHG emission is usually not taken
into account because of its smaller contribution to the total
GHG emission. Furthermore, calculating construction GHG
emissions involves much uncertainty. In this study, instead of
fossil fuel use, biomass is used as main feed-stocks. It means
that fuel combustion and other activities can derive smaller

GHG emissions in total and excluded GHG emissions from
construction phase may contribute to the total GHG emission
and may not be negligible. The results without construction
GHG emission estimates are shown here to avoid the uncer-
tainty. However, potentially higher estimates of GHG emis-
sions as explained above is also discussed later.

Table 13 shows the total GHG increase from the baseline in
power generation scenarios. Compared with the GHG emis-
sions related to the plant operation, the GHG reduction
derived by the replacement of grid electricity is much higher,
even though the carbon intensity is not so high as explained in
3.2 (ii). If replacement of electricity is not included, some
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Fig. 5 — GHG emissions per 1 kW h electricity generation a:
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scenarios (S2B, S4, and S5) cannot achieve the GHG reduction
just by the prevention of open burning. Comparing the results
between the two capacities (a & b), the scenarios with the
larger capacity show larger GHG reduction potentials with the
exception of S4B. The gasification process, which possesses
higher combustion efficiency than the direct combustion
process, can achieve higher electricity production, resultingin
the larger GHG mitigation potential. It can be seen when the
results of S2(a, b) and S3(a, b) are compared, in which both
scenarios assume the same allocation of rice husks.

The GHG emission from bio-oil production is estimated at
0.179 kg CO,eq/kg, which is mainly derived from electricity
use during production. As shown in Table 14, higher GHG
emissions can be avoided by replacing diesel oil with bio-oil.

Table 14 — GHG change from the baseline in pyrolysis
scenarios [unit: 10° t CO,eq/y]-

Scenario S6 S7
Cooking (combustion) Rice husk 0 —0.05
Briquette 0 0
LPG 0 0.084
coal 0 0
Fuel wood 0 0
Brick making (combustion) Rice husk 0 —-0.16
Briquette 0 0
Coal 0 1.63
Bio-oil generation Electricity 0.15 0.23
Transportation 0.003 0.0037
Nitrogen 0.0011 0.0017
Catalyst 0.0015 0.0023
Diesel oil replacement Combustion —1.169 —2.958
Production —0.075 -0.1
Diesel oil combustion 0.0026 0.0040
Open burning —0.4 —-0.61
Total difference from SO —1.49 -1.92

As shown in Fig. 6, all scenarios have GHG mitigation
potentials that range from 13 000 to 222 000 t CO,eq/y. The
maximum mitigation potential is derived from briquette
combustion (S2Bb) and followed by direct gasification (S3b),
which, in Vietnam currently accounts for 0.23% of the total
GHG emission (98.6 million t/y) [36]. As already discussed,
when construction GHG is included, the mitigation poten-
tials shown in scenarios S2—S7 would decrease. The GHG
emissions from construction and decommissioning of actual
coal-fired power plants were reported as 3.4 g CO5.¢/kW h in
Japan [37] and 1.1 g CO,¢4/kW h in the United Kingdom [38]. If
3.4 g CO¢/kW h and a productivity lifetime of 20 years were
adopted for scenarios S2-S5, the total GHG emission

Table 13 — GHG change from the baseline in power generation scenarios [unit: 10> t CO5eq/y].

Technology Combustion Gasification
Capacity 5 MW 30 MW 5 MW 30 MW
Feedstock RH RHB RH RHB RH
Scenario S2a S4a S2Ba S4Ba S2b S4b S2Bb S4Bb S3a S5a S3b SSb
Cooking Rice husk 0 —0.05 0 —0.05 0 —0.05 0 —0.05 0 —-0.05 O —0.05
(combustion) Briquette 0 0 0 0 0 0 0 0 0 0 0 0
LPG 0 0.084 O 0.084 O 0.084 O 0.084 O 0.084 0 0.084
Coal 0 0 0 0 0 0 0 0 0 0 0 0
Fuel wood 0 0 0 0 0 0 0 0 0 0 0 0
Brick making Rice husk 0 -0.16 0 —-0.16 0 -0.16 0 —-0.16 0 -016 O —-0.16
(combustion) Briquette 0 0 0 0 0 0 0 0 0 0 0 0
Coal 0 1.63 0 1.63 0 1.63 0 1.63 0 163 O 1.63
Power generation Combustion 0.098 0.149 0.12 0.183 0.098 0.149 0.12 0.183  0.002 0.003 0.002 0.003
Start-up 0.0008 0.0012 0.0015 0.0023 0.0002 0.0003 0.0003 0.0005 O 0 0 0
Transportation 0.012 0.015 0.007 0.008 0.023 0.029 0.015 0.019 0.012 0.015 0.021 0.026
Electricity -091 -139 -181 -276 -152 -231 -218 -331 -0.97 -148 -1.82 -2.77
replacement
Briquette 0 0 0.23 0.35 0 0 0.23 0.35 0 0 0 0
production
Open burning -0.4 —-0.61 -04 -0.61 -04 -0.61 -04 -0.61 -04 -061 -04 -0.61
Total difference -1.20 -033 -18 -132 -18 -124 -221 -186 -136 -0.57 -220 -1.85

from SO
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Fig. 6 — GHG emission mitigation potential of all scenarios in comparison with baseline a: 5 MW, b: 30 MW, B: briquette.

mitigation potentials will decrease by 0.66—13.4%. Even the
scenario S4a, which shows the lowest GHG reduction, can
still gain GHG reduction with the involvement of construc-
tion and decommissioning GHG emissions. In the case of bio-
oil production, it is also reported that most of the GHG
emissions arise from the operation stage and the GHG
emissions from construction and decommissioning can be
negligible in comparison [39].

5. Conclusions and recommendations

GHG emission mitigation potential using rice husks for energy
generation was investigated in this study. Ceasing open
burning brings CH, and N,O reduction and contributes to large
GHG reductions. Replacing grid electricity or diesel oil with
generated by rice husk also involves higher GHG mitigation
potential. The introduction of innovative technologies, such
as power generation through combustion or gasification, or
bio-oil production by pyrolysis, shows higher mitigation
potential than that of conventional uses. However, rapid shift
to innovative technologies is sometimes quite difficult due to
its affordability and residents’ acceptances. Our results indi-
cate that the briquette use as a transient technology can also
help GHG mitigation. The scenarios outlined in this study can
be attractive to consumers, communities and governments
from the view point of GHG reduction as well as sustainable
energy development in rural areas. Further discussion on
economic aspects is also needed for considering the feasibility
of each scenario.
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