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Abstract

Purpose To ensure the sustainability of rice husk recycling schemes, there are essential conditions that should be
considered. In this study, a system in which a fertilizer was obtained after rice husk heat treatment, which also
produces hot water as a heat recovery strategy, was considered, and its financial sustainability, based on different
conditions in place, was then evaluated.

Method Based on a previous study, three essential conditions that are necessary for the sustainability of the system
were identified (i.e., free or low-cost rice husk collection and hauling, production of silica in the amorphous state,
and complete recycling of rice husk ash). The necessity of these conditions was confirmed based on the sustain-
ability of the financial balance of the system.

Results A 24-h d"!' operated system is more profitable than one that is operated at 6-h d"'. The pelletizing process is
costly; however, the fertilizer in the pellet form can be sold at a relatively higher price. The system was unsustain-
able when rice husk collection and hauling as well as ash disposal fees were charged.

Conclusion Therefore, the cost of rice husk collection, hauling, and ash disposal as well as the amorphous state of
the ash were confirmed as conditions that are necessary to ensure the sustainability of a rice husk recycling scheme.

Keywords Rice husk recycling, Amorphous silica, Collection and hauling, Silica fertilizer, Financial balance, Pellet

ash

Introduction

To evaluate the performance of a scheme, sustainability
is key, and sustainable development is evaluated on the
basis of economic, environmental, and social growth
(Ameer and Othman 2012; Banerjee 2008). A scheme
may persist if it is beneficial to the environment; thus, in
academia, the scheme is considered sustainable. On the
other hand, financial sustainability is often the simplest
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and most convincing economic parameter. Hence, a fi-
nancially healthy scheme is also considered beneficial
to the environment (Ameer and Othman 2012; Banerjee
2008). With respect to its contents, rice husk is consid-
ered a bio-ore of silica (Tateda 2016a). However, most
stakeholders simply dispose of it as waste, a wasteful
practice that is frequently encountered globally. Many
researchers have studied rice husk recycling in terms of
material (Rufai et al. 2012; Saceda et al. 2011; Uddine
et al. 2018; Sekifuji et al. 2019) and chemical (Minh et
al. 2018) recycling as well as thermal recovery (Alhinai
et al. 2018; Arnaldo et al. 2018; Azat et al. 2019; Eiam-
sa-ard et al. 2019; Fernandes et al. 2016; Martinez et
al. 2011; Quispe et al. 2017). Since rice husks are com-
bustible, they have been investigated in energy genera-
tion-related studies. Recycling rice husk into silica fer-
tilizer has been proposed by some researchers (Ma and
Takahashi 2002; Tateda 2016b). Ash from incinerated
rice husks can be used as a fertilizer after heat collec-
tion, leading to the ideal agricultural loop shown in Fig.
1 (Sekifuji and Tateda 2019).
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The fundamental concept of the loop is to recover
both heat and silicate resources from the combustible
rice husk. In a previous study, the usefulness of rice
husk in electricity generation and hot water production
was compared, and it was found that hot water produc-
tion makes the loop sustainable (Sekifuji and Tateda
2019). It was also observed that there are three essential
conditions for loop sustainability: free or low-cost rice
husk collection and hauling, the silica in the incinerat-
ed rice husk ash should be in the amorphous state, and
the complete recycling of the ash. Rice husk collection
and hauling fees negatively affect the sustainability of
the loop. The importance of collection and hauling has
been investigated in several studies. In terms of solid
waste management (i.e., collection, transportation, and
disposal), 50-70% of the total management cost can
be attributed to the collection phase (Tchobanoglous
et al. 1993). Demir et al. (2017) stated that minimiz-
ing the solid waste disposal cost minimizes the cost of
collection and transportation. In a case study, a 37 kg
CO, week™" emission reduction was expected, as per the
results obtained from the optimization of sludge haul-
ing routes (Passos et al. 2018). If the silica ash is in
the crystalline state, it must be completely disposed of
without recycling because of its potential carcinogenic-
ity (WHO 1997). On the other hand, Prasara and Ghee-

Table 1 Basic data for calculating annual balance
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wala (2017) noted the importance of ash transportation
when discussing the recycling of crystalline rice husk
ash for products, including thermal insulators and re-
fractory bricks. The incinerated ash obtained after heat
recovery must be recycled given that large amounts
are generated (20% of the rice husk weight becomes
ash). There is no specific order for the three conditions
necessary for sustainability. However, the loop cannot
be sustainable if any one of the three conditions is not
fulfilled. In this study, the sustainability of the loop
scheme was evaluated by financially balancing annual
income and expenditure. If the loop scheme results in
a negative balance, it implies that the scheme is unsus-
tainable, and vice versa if the scheme results in a posi-
tive balance (Tateda and Sekifuji 2019). The results of
this study will be valuable and useful to stakeholders in
rice-growing countries.

Materials and Method

Fundamental information for the ideal agricultural
loop recycling scheme

The same boiler plant and associated conditions dis-
cussed in Sekifuji and Tateda 2019 (2019), as summa-
rized in Table 1, were employed in this study.

Category Item Value Unit
Boiler capacity 250 kg (rice husk as-obtained) d!
Operation fundamentals Boiler operation 6 h da_y']
220 dyr!
Boiler cost 200000 USD system'!
Operation cost 1000 USD mon'!
Maintenance cost 800 USD mon'
Operation, maintenance, labor cost Pelletizer cost 200000 USD system’!
Operation cost 1000 USD mon’!
Maintenance cost 1000 USD mon'
Labor cost 35000 USD yr! capita’!
Kerosene price 0.9 USD L'
Miscellaneous Greenhouse area 3240 m?
Ash generation 20 % in weight of rice husks
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Equation for calculating the financial balance of in-
comes and expenditures

In this study, “Incomes” also included the “cost of sav-
ing necessities”. For example, the cost of purchasing

Price of the
Kerosene s
Kerosene saving for Fertilizer boiler system
s.avmg 1:0r + greenhouse + sale — +
rice drying heating Depreciation

years: 8 yr

kerosene was compensated for by heat recovery, which
was then considered as an income. Additionally, in this
study, “Sustainability” was defined as a net zero bal-
ance in Eq. (1).

Eq. (1)

Rice husk
hauling
and
collection
fee

Ash
disposal
tipping
fee

Yearly
boiler
cost

Yearly
pelletizing
cost

+

Y

incomes

The data detailed in Table 1 correspond to a case
without incurring “Rice husk collection and hauling”
and “Ash disposal tipping” fees. The necessary infor-
mation on income and expenses is shown in Table 2. In
a previous study, the basic scheme was considered sus-

Y

expenses

tainable even though the final balance was -2949 USD
yrl. This was because this negative balance was not sig-
nificant and could easily be made up by implementing
minor improvements/changes.

Table 2 Previously reported annual balance for a 6 h d! operated system (USD yr')

Incomes Expenditures
Item Value  Remarks Item Value  Remarks
Rice drying 61875 25 L h'! kerosene consumption Boiler yearly cost 25000 8 yr depreciation
Greenhouse heating 32076 11 L m? yr'! kerosene consumption Yearly operation 12000
Fertilizer sale 46200 0.7 USD kg! Yearly maintenance 9600
Yearly labor 35000 1 person
Pelletizer yearly cost 20000 10 yr depreciation
Yearly operation 12000
Yearly maintenance 12000
Yearly labor 17500 0.5 person
Total 140151 Total 143100

1 USD =100 yen

Various scenarios to consider for evaluating
sustainability

To evaluate sustainability, scenarios with different con-
ditions based on a 6-h d!' operation were considered
(Table 3). Regarding rice husk collection and haul-
ing, cases with rice husk collection and hauling free of
charge or below 35 USD m were considered. Regard-
ing ash usage, 100% usage, 50% usage, and no usage
(0%) as fertilizer were considered. With respect to ap-

plication as fertilizer, prices in the range 0—1 USD kg
were considered, while 0.7 USD kg was considered as
the basic price based on a previous study (Sekifuji and
Tateda 2019). A price of 0 USD kg indicated that the
ash could not be sold as a fertilizer and was disposed
of as waste. For ash disposal tipping fees, a fee in the
range of 0-35 USD kg was considered. A tipping fee
of 0 USD kg! (free) under 50% and 0% use of ash was
also considered, even though this is an unlikely occur-
rence.
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Table 3 Various scenarios for system operation

i Rice husl.( collection Percentage of ash Fertilizer price Ash disposal tipping State of ash
Scenario and hauling fee B fee .
(USD m?) (%) sold as fertilizer  (USD kg') (USD m?) (pellet or as-obtained)
0 0 100 0-1 0 pellet
1 0 100 0-1 0 as-obtained
2 0 50 0.7 0-35 pellet
3 0 50 0.7 0-35 as-obtained
4 0 0 0 0-35 as-obtained
5 0-35 100 0.7 0 pellet
6 0-35 100 0.7 0 as-obtained
7 0-35 100 1 0 pellet
8 0-35 0 0 15 as-obtained

According to a previous study, the pellet state (Fig.
2b) is preferred for ash fertilizer over the initial state
(Fig. 2a) (Sekifuji and Tateda 2019). However, scenar-
ios in which the as-obtained ash was used were also
considered, given that the pelletizing process is cost-
ly. For Scenarios 4 and 8, only the as-obtained ash was
considered because the stakeholders did not need to
produce pellets for ash disposal. Therefore, “pellet ash”
and “pellet fertilizer” as well as “as-obtained ash” and
“as-obtained fertilizer” were considered synonymous.
As shown in Table 3, the 24-h d!' operation was also
considered for some scenarios, and the basic data for

this 24-h d'! operation are shown in Table 4. The same
greenhouse areas for the 6-h d! operation were used for
the 24-h d!' operation, given that there was no exten-
sion plan for the greenhouses. Rather, to limit kerosene
consumption, the excess heat generated in the 24-h d-!
operated process was used for rice drying. Boiler oper-
ation and maintenance costs were multiplied by 3, since
24 hours is 8 hours multiplied by 3. The labor costs as-
sociated with the operation of the boiler system were
also multiplied by three persons, and 1.5 persons were
applied to the labor cost of the 24-h d! operated pellet

production system.

Fig. 2 Fertilizers (a) As-obtained

and (b) In a pellet state
Table 4 Previously reported basic data for a 24-h d! operated system (USD yr')
Incomes Expenditures
Item Value  Remarks Item Value  Remarks
Rice drying 247500 25 L h'! kerosene consumption Boiler yearly cost 25000 8 yr. depreciation
-2 -1 _
Greenhouse heating 32076 tlil)r% m* yr' kerosene consump Yearly operation 36000
Fertilizer sale 184800 0.7 USD kg Yearly maintenance 28800
Yearly labor 105000 3 persons
Pelletizer yearly cost 20000 10 yr. depreciation
Yearly operation 36000
Yearly maintenance 36000
Yearly labor 52500 1.5 person
Total 464376 Total 339300

1 USD =100 yen
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Results and Discussion

Comparison of annual financial balance with respect
to differences in daily operation hours

Fig. 3 shows the difference in the annual balances of the
6 and 24-h d! operations. A fertilizer price of 0.7 USD
kg corresponded to the basic operation cost, as shown
in the data presented in Tables 2 and 4. The 24-h d!

250000
200000

150000
The 24 h d operation

/

100000
50000

0

A balmcs (UBD kg b

-30000

-100 0000

The 6 h d operation

operated system was sustainable at a fertilizer price of
~0.22 USD kg compared with a fertilizer price of 0.7
USD kg for the 6-h d! operated system. Therefore, an
increase in daily operation hours enhanced sustainabili-
ty, even though operation, maintenance, and labor costs
increase when operation time increases. The fertilizer
could be sold at a price 70% cheaper if the boiler was
operated for 24 h each day.

Fertilizer price (USD kg1
Fig. 3 Comparison of the 6- and 24-h d!' operated systems

Comparison of the annual financial balance of pellet
ash vs. as-obtained ash for 6 h d' operations

As previously reported, the fertilizer was pelletized be-
cause a significant number of farmers (80%) preferred
the fertilizer in pellet form. However, pelletizing is cost-
ly and requires high operation, maintenance, and labor
costs. Fig. 4 shows a comparison of the two fertilizer

100000
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60000
40000
20000

0
0
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220000
40000
6000

Arnmual balance (USD yrh

states. As previously mentioned, the system was deemed
“sustainable” when the fertilizer price was 0.7 USD kg!
for the fertilizer in the pellet state (Scenario 0). On the
other hand, the system could also be “sustainable” if the
fertilizer was free of charge (Scenario 1). Given that it is
very difficult to use the as-obtained fertilizer owing to the
fact that it disperses and can be inhaled by farmers (Fig.
5), its use by farmers was unlikely.

Scenario 1 for the § h d'! operation

0.3

[

Scenario 0 for the § h d! operation

Fertilizer price (USD kgl

Fig. 4 Comparison of as-obtained ash and pelleted ash

Comparison of annual financial balance when
collection and hauling are charged for 6 h d”

During the calculations, it was considered that the spe-

cific gravity of rice husk was 0.1 t m?. According to
Fig. 6, when the pellet fertilizer was used, the annu-
al financial balance became negative once a fee was
charged for rice husk collection and hauling (Scenario
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Fig. 5 Scene showcasing application of as-obtained fer-
tilizer
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Fig. 6 Comparison of financial balance when rice husk collection and hauling are charged

5). On the other hand, when the as-obtained fertilizer
was used, the system was “sustainable” until the rice
husk collection and hauling fee reached 17 USD m?
(Scenario 6). However, it is still unlikely that the as-ob-
tained fertilizer would be sold or used by farmers. If the
pellet fertilizer could be sold and accepted by farmers at
1.0 USD kg instead of 0.7 USD kg, financial sustain-
ability could be expected until rice husk collection and
hauling fees reached 5 USD m (Scenario 7).

When fertilizer cannot be sold and when 50% can
be sold, while disposing the rest

In the calculations, a fertilizer price of 0.7 USD kg

40000
. -

was used, and the specific gravities of the pellet ash
and the as-obtained ash were considered to be 1.1
and 0.07 t m3, respectively. As shown in Fig. 7, pellet
fertilizer under a 6-h d! operation resulted in a signif-
icant negative financial balance, despite the fact that
the ash disposal was free of charge (Scenario 2, 6 h
d! operation). However, the scenarios became very
profitable when the as-obtained ash was used during
the 6 h d! operation (Scenario 3) and when the pel-
let fertilizer was used during the 24 h d! operation
(Scenario 2).
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Fig. 7 Comparison of financial balance when ash disposal is charged
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When all the ash must be disposed, it can not be
sold as a fertilizer

When all the ash must be disposed of, only the as-ob-
tained ash state was considered. According to Fig. §,
the system showed sustainability until the ash dispos-
al tipping fee reached 15 USD m™ (Scenario 4, 6 h d!
operation). However, a tipping fee of 15 USD m™ is
unrealistic and too low, considering the 30 USD m?
solid waste disposal fee in Japan. In Turkey, the cost of
solid waste collection falls in the range of 30—40 USD
t! (Demir et al. 2017). In Japan, it is higher, and is in the
range of 42-56 USD m for solid waste with a specific
gravity of 1.4 t m3 (Yesiller et al. 2014). The 24-h d!
operated system remained sustainable until the tipping
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40000
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Scenario 4 for the & h & operation

40000
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fee reached 22 USD m™ (Scenario 4, 24 h d! operation).
This indicated a financial improvement relative to the
6-h d!' operation; however, the fee was still lower than
it would be accepted in practice. Therefore, the system
is unrealistic. Self-consumption is usually the last and
best resort to solve the challenges associated with recy-
cling. However, the ash could not be used because the
constituent silica was crystalized and became carcino-
genic.

When rice husk collection and hauling are charged
with ash disposal at 15 USD m?3

The worst-case scenario is when stakeholders have to
pay for both rice husk collection and hauling, and ash

Scenario 4 for the 24 hd'! operation

Ash disposal tipping fee (USD m-3)

Fig. 8 Comparison of the 6- and 24-h d'!' operations when all ash must be disposed of

disposal (Fig. 9). Even though this is unrealistic, a 15
USD m ash disposal tipping fee was chosen because
it allowed for financial sustainability (see previous sec-
tion). The annual balance became more negative for
the 6-h d! operation as rice husk collection and hauling
cost increased (Scenario 8, 6 h d! operation). A slightly
positive annual balance was observed for the 24-h d!
operation; however, it became negative after rice husk

100000

-
U

Scenario § for the § h &1 operation

collection and hauling fees reached 3 USD m™ (Scenar-
i0 8, 24 h d! operation). A 3 USD m? fee for rice husk
collection and hauling was unrealistically low; thus, the
system was unsustainable under both 6- and 24-h d'
operated systems when the ash disposal tipping fee was
set at 15 USD m™. It was easy to ascertain the annual
financial balance with an ash disposal tipping fee of 30
USD m?3, which is the normal minimum.

[*F]
(=]

-1000:00
-200000

-3000:00

Scenario § for the 24 h &' operation
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- AR

Rice sk collection and hauling fee (USD m ':'::

Fig. 9 Cases when both rice husk collection and hauling and ash disposal are charged
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Sustainability of the system

Many financially “sustainable” scenarios were ob-
served where income outweighed expenses. However,
the conditions necessary to ensure sustainability were
very limited, and most often, the scenarios were im-
practical. For example, the as-obtained fertilizers could
not be sold, and a high ash disposal tipping fee hindered
sustainability.

Considering all the results obtained (Table 5), it can
be concluded that the following conditions are neces-

Table 5 Results of sustainability evaluation for Table 3

sary to ensure sustainability: free or low-cost rice husk
collection and hauling, the silica in the incinerated rice
husk ash should be in the amorphous state, and the com-
plete recycling of the ash. An example of a checklist for
system sustainability is summarized in Fig. 10. Any of
the three conditions can be the starting condition, i.e.,
“Collection and hauling” must not be the initial step as
shown in the figure. The figure depicts only the cas-
es that guarantee system sustainability; a system was
considered unsustainable even if only one of the three
conditions was not met.

S - - P -
cenario State of  Varying Sustainability evaluation Remarks
# ash factor
Fertili
o et S Sustainable @ 0.7 USD kg for fertil-  Basic operation @ 0.7 USD kg for fer-
P p izer price tilizer price
as- Fertilizer . . .
1 . : Sustainable Difficulty of ash sale as fertilizer
obtained  price
Ash di 1 . . -Fertili ice 0.7 USD kg fixed
2 pellet . S . 1POSAL g stainable @ the 24-h d'! operation erzer prlce. . & e
tipping fee Half sold of fertilizer-
as- . . -Fertilizer price 0.7 USD kg! fixed
Ash 1 t 1
3 obtained . iilsff’osa Sustainable -Half sold of fertilizer
pping fee -Difficulty of ash sale as fertilizer
-Sustainable @ < 15 USD m? for the 6 h
as Ash disposal d! ope.ration for ash disposal tipping fee -Difﬁc1.11ty of a'.sh s.ale as f.ertilizer
4 . L. -Sustainable @ <22 USD m? for the -Ash disposal tipping fee is usually > 30
obtained  tipping fee . . . . X
24-h d"' operation for ash disposal tipping USD kg
fee
Pellet Rice husk
5 collection and Unsustainable -Fertilizer price 0.7 USD kg! fixed
hauling fee
Rice husk -Fertili ice 0. D kg! fi
as- ee 1.15 Sustainable @ < 17 USD m? for rice erizer Prlce 0.7US .g xed .
6 . collection and . . -The less rice husk collection and hauling
obtained . husk collection and hauling fee . . .
hauling fee fee is, the more sustainable it is.
Rice husk
-Fertili ice | USD kg! fixed
Pellet collection and Sustainable @ < 5 USD m™ for rice husk eriizer Prlce Us g' xe .
7 . . . -The less rice husk collection and hauling
hauling fee collection and hauling fee . . .
fee is, the more sustainable it is.
-The less rice husk collection and hauling
Rice husk -Unsustainable for the 6-h d' operation  fee is, the more sustainable it is.
g as- collection and -Sustainable @ <3 USD m? for the 24-h  -Ash disposal tipping fee 15 USD m?
obtained  hauling fee d! operation and for rice husk collection  fixed.
and hauling fee -Ash disposal tipping fee is usually > 30
USD kg!

Free collection and hauling, which is part of a typ-
ical Japanese agricultural business system, was dis-
cussed in our previous study (Sekifuji and Tateda 2019).
Additionally, in Japan, most farmers belong to a local

agricultural association (Fig. 11), and they take their ag-
ricultural products to the shops operated by these local
associations. At times, members of these associations
receive agricultural advice regarding the purchase of
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Fig. 10 Sustainability Flow chart

materials, such as fertilizers and machinery. Addition-
ally, they can borrow money and even request funeral
services. A local agricultural association is part of the
famers’ lives. Farmers bring their harvested paddies to
the rice centers operated by these local associations,
where the rice is milled and sold. Under the association
scheme, rice husk is gathered at the community rice
center free of charge and is used by the association for
energy recovery; further, the fertilizer developed from
the incinerated rice husk ash after recovery is sold. The
association can sell the silica fertilizer to members, giv-
en that these members also buy agricultural materials
from the association.

Obtaining silica in the amorphous state after incin-
eration of the rice husk is essential. As previously re-
ported (Sekifuji and Tateda 2019), controlled rice husk
incineration is essential to keep the silica in the amor-
phous state, which has a wide variety of applications,
including fertilizers, solar panels, insulators, refracto-
ries, high-performance concrete, waterproofing chemi-

Collection and hauling process (at no cost)

[/ A farmer \l

|

! !

i A farmer !

; I Community Rice Center | !  Rice production
i Membership — for Membership i andsale

: A farmer — . :

! !

'*-\' A farmer Energy production from ;

N _ collected rice husks 7

The system boundary of a local agricultural association

Fig. 11 System boundary of a local agricultural association

cals, food, healthcare, and cosmetics (Pode 2016). For
a local agricultural association, selling the ash as fertil-
izer is tremendously advantageous over selling it as a
raw material for other products because it can be sold to
farmers, who are members of the association. If the fer-
tilizer cannot be sold and the silica is still amorphous,
it is essential that the ash be disposed outside the local

association’s jurisdiction or to be freely given to users.
In this study, to better reflect the costs considered by
Armington and Chen (2018), administrative costs were
not considered. Therefore, the results obtained are not
an adequate reflection of the system given that adminis-
trative costs, which often represent an additional expen-
diture, were not considered.
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Given that a considerable amount of ash is generat-
ed, it is necessary for the ash to be completely used—
20% of the weight of rice husk is converted to ash com-
pared with only 0.1% for wooden biomass. Moreover,
with respect to returning the silica to its original source,
a paddy field is ideal for recycling. Silica is applied be-
tween the soil and the rice plants continually, resulting
in an ideal agricultural loop. Notably, the essential con-
ditions described herein are extremely important with
respect to pursuing a sustainably ideal agricultural sys-
tem.

Conclusion

The following conclusions were drawn from this study:

- A 24-h d"! operated system is more profitable than
one that is operated at 6-h d'!.

- The pelletizing process is costly; however, the
fertilizer in the pellet form can be sold at a relatively
higher price.

- The as-obtained fertilizer is considerably cheaper
in terms of production cost; however, selling puts
sustainability at risk because it cannot be sold at a high
price.

- The system becomes unsustainable when rice husk
collection and hauling are charged.

- The system becomes unsustainable when ash
disposal is charged.

- To ensure recycling, the silica content of the ash
must be in the amorphous state.

- All the ash must be recycled in order to make the
system sustainable.

Based on the results, the following are essential
considerations to ensure sustainability: free or low-cost
rice husk collection and hauling, the silica in the incin-
erated rice husk ash must be in the amorphous state, and
the complete recycling of the ash.
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