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The Philippines produces up to 15.2 Mt of rice straw waste annually. Unmanaged rice straw waste disposal can
lead to pollution from open field burning. On the other hand, rice straw agricultural waste can be used sustainably
to produce valuable products such as mushrooms, fodder, pellets, or bioenergy, in a rice straw management
system. Such systems can be optimized using Process Integration tools so that the raw materials are used
efficiently at the maximum profit and with a minimal carbon footprint. The P-graph framework is an efficient
Process Integration tool that solves Process Network Synthesis problems. A P-graph finds the optimal and sub-
optimal solutions for further analysis, which is useful in decision-making. This work developed a P-graph model
for a rice straw management network considering the straw collection and storage steps and the production of
both bioenergy and non-bioenergy products. The model can generate optimal and sub-optimal solutions (based
on profit) and can simulate raw material disruption scenarios. The model is demonstrated through a case study
on three rice straw fields with a maximum total rice straw yield of 96.84 t/yr. The case study considered the
operating and raw material costs but did not consider the fixed and investment costs in the calculation of the
profit. The results show that mushroom production using rice straw as substrate is the optimal solution with
a potential profit of US$ 14 659.60/yr, followed by pellet production with a potential profit of US$ 12 627.90/yr.
Disruption scenarios at reduced diesel, manual labor, and rice straw show that mushroom production is still the
optimum solution, showing the robustness of the solution. This basic model shows that P-graphs can be applied
to rice straw management networks to aid with decision-making for sustainability. Caution must be exercised as
the results are context- and location- specific.
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INTRODUCTION

The intensification of rice production and the use of high-
yielding rice varieties have led to higher global warming
potential per area in rice production (Gava et al. 2024).
Intensification has also led to higher rice straw waste volume,
which is commonly burned in the field. The increased
adoption of combine harvesters and the narrow time window
available for clearing fields after rice harvest are the primary
factors compelling farmers to burn rice straw residues (Singh
et al. 2023). However, open-field burning of rice straw is a
serious problem as it causes air pollution and the release of
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potent greenhouse gases (GHG), CH,, and N,O (Mboyerwa et
al. 2022). Aside from GHGs, the practice of burning rice straw
after harvest increases the particulate matter and hydrocarbon
concentration in the surrounding area by several times,
threatening human health and biodiversity (Phuong et al.
2021). Analternative to open-field burning—soil incorporation,
where the rice straw is left on the field to decompose—is also
found to release large amounts of CH, and N,O (Romasanta
et al. 2017). On the other hand, the valorization of rice straw
may provide economic and environmental benefits. Some
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examples of off-field agricultural uses of rice straw are
mushroom production and livestock fodder production, while
bioenergy examples are thermal production (through direct
combustion, gasification, or pyrolysis), biogas production
(through anaerobic digestion), and bioethanol production
(through fermentation) (Gummert et al. 2020). Rice straw also
has potential industrial uses such as in building materials
(fiberboard or bricks) and other high-end materials such as
silica and biofiber production (Van Hung et al. 2020).

The processing of rice straw from the collection,
transportation, pre-treatment, and utilization composes the
entire rice straw supply chain (Fig. 1). The rice straw supply
chain begins after the rice harvest through mechanized straw
collection since manual collection is too inefficient and costly
(Balingbing et al. 2019). Next, rice straw pretreatment such as
leaching, drying, storing, chopping, and densification may
be done depending on the intended use (Alengebawy et al.
2023). Pre-treatments like drying and densification of rice
straw (e.g., through pelletization) will improve the efficiency
of combustion for bioenergy production (Migo-Sumagang,
Hung et al. 2020). Rice straw pretreatment in the form of
physical and chemical processing is required to improve
the digestibility of fodder (Aquino et al. 2020). After pre-
treatment, further processing for rice straw utilization opens
opportunities for variable products. An option is to use it as
a substrate for mushroom production via outdoor or indoor
mushroom farming (Thuc et al. 2020). In terms of energy
utilization, options include rice straw direct combustion in a
furnace to generate heat in paddy drying (Migo-Sumagang,
Hung et al. 2020), anaerobic digestion for biogas production
(Mothe and Polisetty 2021), and fermentation into ethanol or
other biorefinery products (Sreekumar et al. 2020).

To seek the best rice straw utilization alternative, decision-
makers may refer to techno-economic assessments on rice
straw utilization. First, it is important to look at studies that
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havebeen conducted at the early stages of the rice straw supply
chain. For example, Balingbing et al. (2020) evaluated the fuel
consumption, manpower requirements, and field capacity of
mechanized collection in the Philippines. Quilty et al. (2014)
also measured the labor energy requirements involved in
operating agricultural equipment. Second, techno-economic
assessments on different rice straw utilizations at the end of
the supply chain are also important. Example studies include
a techno-economic and environmental assessment of the
production of biodiesel from rice-straw (Hu et al. 2023). Ishii et
al. (2016) also examined the logistic cost analysis of rice straw
pellet production. The techno-economic assessment of biogas
production, briquette production, and gasification of rice straw
has also been studied (Meng et al. 2020). Migo-Sumagang,
Maguyon-Detras et al. (2020) assessed the energy, storage, and
cost requirements of using rice straw as fuel to generate heat
for paddy drying. The costs, material, and energy balances
were investigated in rice straw pyrolysis to generate bio-oil
and biochar (Tewfik et al. 2009). The costs of fodder (Aquino
et al. 2020) and mushroom (Thuc et al. 2020) production were
also evaluated. The rice straw supply chain in Fig. 1 presents
a process network of different possible solutions with varying
techno-economic valuations. Such systems can be integrated
and optimized using Process Integration tools so that the raw
materials are used efficiently to obtain the maximum profit.

Process Integration (PI) can help in optimizing resource
consumption of process networks such as in rice straw supply
chains. PIis a subfield of Process Systems Engineering focused
on emissions reduction and the efficient use of resources
(Klemesetal.2013). PItoolssuch as mathematical programming
(MP) have provided clarity and insight to engineers in solving
large-scale problems (Klemes et al. 2013). The process graph or
P-graph is another powerful PI tool intended to solve Process
Network Synthesis problems (Friedler et al. 1979). AP-graph is
composed of a bipartite graph with O-type nodes representing
process or operating units and M-type nodes representing
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Fig. 1. The rice straw supply chain.
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materials (raw, intermediate, or product). The operating units
and materials are assembled in a process network following
the 5 “rules” or axioms of the P-graph (Friedler et al. 1992b).
The system properties such as flow streams, cost functions,
input/output rates, raw material supply, and product demand
can be specified. The model is solved using efficient algorithms
(Friedler et al. 1992a) and the results are displayed graphically
for easier visualization. Other advantages of a P-graph are
the generation of the maximal structure, representing all
possible connections in the system, as well as the generation
of optimal and sub-optimal solutions (Aviso et al. 2019). Sub-
optimal solutions may sometimes be more desirable than
optimal solutions for practicality or lack of robustness of the
optimal solution (Aviso et al. 2019). The P-graph optimization
is analogous to the mixed integer linear programming (MILP)
optimization with an assumption of a linear cost function.
The free software (P-graph Studio), technical support, and
tutorials are available via its official website (http://p-graph.
org/) (P-Graph 2021).

A P-graph has many applications in supply chains and
regional development, reaction pathways and mechanisms,
chemical process synthesis, and business process management,
among others (Kleme$ and Varbanov 2015). One of the most
impactful applications of a P-graph is in the optimization of
regional energy supply chains using renewable energy (Lam
et al. 2010). Studies have also been found to utilize P-graphs
to optimize bioenergy supply chains utilizing agricultural
wastes. The first of this kind was published by Vance et al.
(2013) which optimized the design of heat and electric power
supply chains using agricultural wastes as fuel. The study was
further extended to consider cost constraints and sustainability
indicators (Vance et al. 2014). A more recent study used a
P-graph in optimizing agricultural waste-based integrated
biorefinery (IBR) processes for the production of biofuels and
biochemicals (Sangalang et al. 2021). The P-graph application
in IBR was further extended to consider supply and demand
constraints (Benjamin et al. 2021).

Given the techno-economic data and the number of
possible networks, selecting the optimal rice straw utilization
pathway is a challenging task. A previous study attempted
to address this problem by assessing a sustainable rice
straw utilization pathway using mathematical optimization
(Diehlmann et al. 2019). However, a disadvantage of
conventional mathematical optimization is the computational
performance when handling complex problems as well as
the inability to automatically show near-optimal solutions.
Therefore, other approaches such as using the computationally
efficient framework—P-graph—may be beneficial.

Thus, this study developed a novel P-graph model of rice
straw management networks. The model considers straw
collection and storage as part of the rice straw supply chain
as well as the production of non-bioenergy products such as
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fodder and mushrooms in addition to bioenergy products.
The focus of this work is technologies that do not require
large capital investments and can be transferred to farmers as
opposed to technologies that produce electricity, bioethanol,
and other biorefinery products. The optimization used in this
study is limited to a linear cost function. This work presents
a decision support model in selecting optimal rice straw
utilization pathways given techno-economic data. In addition,
optimizing the rice straw supply chain leads to waste
valorization and avoids pollution from open-field burning.
Although the data used are context- and location- specific, this
work can serve as the basis for modeling rice straw networks
in rice-producing regions. The results of this study can guide
decision- and policy-makers in addressing sustainability
concerns in rice straw waste management.

MATERIALS AND METHODS

Problem Statement

Given the raw materials (rice straw, diesel, and labor energy)
and various final products (pellets, mushroom, fodder, biogas,
biochar, and heat) with their corresponding process streams
data (unit cost/price, availability, etc.) and considering the
various operating units (balers, tractor, storage, pelletizer,
fodder pretreatment, anaerobic digester, pyrolizer, and
furnace) and their corresponding techno-economic data and
input/output rates, the problem is to find the optimal (and
sub-optimal) rice straw networks in terms of maximum profit.

Data Collection

The process stream data were collected from published
literature in the Philippines, Vietnam, India, and Japan.
Rice straw, diesel, and labor energy were considered raw
materials since they represent the main sources of energy
consumption and cost. All the other materials were embedded
in the operating units as part of the operating cost. Three areas
(fields 1, 2, and 3) were assumed with land areas of 4, 6, and 8
ha, respectively. Sun-dried rice straw yield is at 2.69 t/ha with
two cropping cycles per year (Migo-Sumagang, Maguyon-
Detras et al. 2020). Hence, the maximum yields of rice straw are
21.52,32.28, and 43.01 t/yr in fields 1, 2, and 3, respectively using
Equation 1:

YRS,max =A=x YRS,A * N (1)

where Y, is the maximum rice straw yield per year, A is
the land area, Y, , is the rice straw yield per area, and N is the

number of cropping cycles.
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The costs of diesel and manual labor are shown in Table
1, while the cost of rice straw was embedded in the baling
process. The cost of labor is US$ 0.96/man-hr, and the energy
requirement in manually handling the rice straw is 0.89 MJ/
man-hr (Migo-Sumagang, Maguyon-Detras et al. 2020). In the
baseline scenario, it was assumed that both diesel and manual
labor are unlimited. The unit prices of the various rice straw
products are also presented in Table 1. Since it is also possible
for baled straw and pellets to be sold as final products (e.g., for
animal bedding, etc.), the prices of each were also included.

The variable costs of the operating units were obtained
from the different studies as presented in Table 2. The
investment and fixed costs were not included in the case study,
and thus are not reported. To avoid double-counting, the diesel
and labor energy costs were separated from the operating costs
in Table 2 since these were accounted for under the diesel and
labor energy as raw materials. Three different types of balers

Table 1. Raw material availabilities in the case study.
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were considered. Baling cost includes the depreciation cost of
the baler and rope for bailing. Since rice straw storage, size
reduction, and densification before combustion are important
to improve the efficiency of combustion (Migo-Sumagang,
Hung et al. 2020), storage and pelletization operating units
were included. Storage includes the depreciation cost of the
storage warehouse (Migo-Sumagang, Maguyon-Detras et
al. 2020). The cost of pelletization includes the depreciation
cost of the equipment (Ishii et al. 2016). Fodder pretreatment
considers the costs of chemicals based on 2021 prices and the
amount required per tons of rice straw (Aquino et al. 2020).
Mushroom production considers the cost of spawns, watering,
land, etc. (Thuc et al. 2020). Anaerobic digestion considers the
cost of the biogas reactor (Nguyen, Topno et al. 2016). Pyrolysis
includes the depreciation cost of the equipment (Tewfik et al.
2009). Similarly, direct combustion considers the depreciation
of the furnace (Migo-Sumagang, Maguyon-Detras et al. 2020).

Availability per year (Baseline

Material Unit Cost or Price Scenario) Reference

Raw materials

Rice straw field 1 (Embedded in the baling) 2152t

Rice straw field 2 (Embedded in the baling) 3228t

Rice straw field 3 (Embedded in the baling) 43.04

Diesel US$ 0.82/L unlimited (Migo-Sumagang, Maguyon-Detras et al. 2020)
Manual labor US$ 0.96/man-hr unlimited (Migo-Sumagang, Maguyon-Detras et al. 2020)
Final products

Baled straw US$ 33.00/t (Migo-Sumagang, Maguyon-Detras et al. 2020)
Rice straw pellets US$ 290.00/t (Ishii et al. 2016)

Mushroom US$ 2.35/kg (Thuc et al. 2020)

Biogas US$ 0.41/m° (Nguyen, Nguyen et al. 2016)

Fodder US$ 67.00/t (Duncan et al. 2020)

Biochar US$ 500.00/t (Keske et al. 2020)

Heat US$ 0.08/kWh (Migo-Sumagang, Maguyon-Detras et al. 2020)

Table 2. Variable costs of the operating units excluding labor and fuel consumption.

Reference

Unit Operating Cost US$/t straw
Baler pulled tractor 5.76
Self-propelled baler 1 7.49
Self-propelled baler 2 2.88
Storage warehouse 18.20
Pelletizer 9.20
Fodder pretreatment 10.35
Mushroom production 71.20
Anaerobic digester 23.60
Pyrolizer 27.20
Furnace 23.60

Nguyen, Nguyen et al. 2016)

Nguyen, Nguyen et al. 2016)

Nguyen, Nguyen et al. 2016)
Migo-Sumagang, Maguyon-Detras et al. 2020)
Ishii et al. 2016)

Aquino et al. 2020)

Thuc et al. 2020)

Nguyen, Topno et al. 2016)

Tewfik et al. 2009)

Migo-Sumagang, Maguyon-Detras et al. 2020)
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The input and output rates and capacities are found in
Table 3. The outputs of the balers were calculated based on the
rice straw losses (Nguyen, Nguyen et al. 2016). The fuel and
labor requirements and annual capacities of the baler were
based on the literature data (Nguyen, Nguyen et al. 2016).
Driving the tractor and balers were assumed to consume
0.97 MJ/t based on literature (Quilty et al. 2014). The storage
capacities and labor requirements are also shown in Table 3.
A pelletizer loss of 10% was assumed and the capacity of
the pelletizer was obtained from the literature (Ishii et al.
2016). The energy requirement of a pelletizer is 230 kWh/t
(Ishii et al. 2016), and this value was converted to its diesel
equivalent in L using the energy value of diesel 15.6 MJ/L
(Nguyen, Nguyen et al. 2016). The manual labor in pelletizing

Table 3. Input and output rates
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was assumed to be the same as operating a tractor. For the
transportation of straw, a 4-km distance was assumed from
the baled straw pickup point and the pelletizer to the biogas
plant, pyrolysis plant, and furnace for direct combustion. The
diesel consumption during transportation was obtained from
the literature (Migo-Sumagang, Maguyon-Detras et al. 2020).
No losses were assumed during transportation. The manual
labor for mushroom production, fodder production, anaerobic
digestion, pyrolysis, and direction combustion was assumed
to be the same as manually handling of rice straw. Biochar
yield was obtained from literature. The diesel requirement for
the pyrolysis equipment was assumed to be the same as with
the furnace operation for direct combustion from literature
(Migo-Sumagang, Maguyon-Detras et al. 2020).

Unit Name Input(s) Rate Output(s) Rate Capacity Per Year Reference
Baler pulled tractor Loose straw 1t Baled straw 0.786 t 2590t (Nguyen, Nguyen et al. 2016)

Diesel 261L (Nguyen, Nguyen et al. 2016)

Manual labor 0.97 MJ (Migo-Sumagang, Maguyon-Detras et al. 2020)
Self-propelled tractor Loose straw 1t Baled straw 0.823 3090t (Nguyen, Nguyen et al. 2016)

Diesel 6.57 L (Nguyen, Nguyen et al. 2016)

Manual labor 0.97 MJ (Migo-Sumagang, Maguyon-Detras et al. 2020)
Self-propelled gathering  Loose straw 1t Baled straw 3705t (Nguyen, Nguyen et al. 2016)

Diesel 418L (Nguyen, Nguyen et al. 2016)

Manual labor 0.97MJ (Migo-Sumagang, Maguyon-Detras et al. 2020)
Storage Baled straw 1t Straw from storage 320t (Migo-Sumagang, Maguyon-Detras et al. 2020)

Manual labor 47MJ (Migo-Sumagang, Maguyon-Detras et al. 2020)
Pelletizer Baled straw 1t Pelletized straw 0.9t 1500t (Ishii et al. 2016)

Diesel 53.1L (Ishii et al. 2016)

Manual labor 0.97 MJ (Migo-Sumagang, Maguyon-Detras et al. 2020)
Zir;r;r;c;;tation (4km Pelletized straw 1t Straw for biogas 1t 960 t (Migo-Sumagang, Maguyon-Detras et al. 2020)

Diesel 218 L Straw for biochar 1t (Migo-Sumagang, Maguyon-Detras et al. 2020)

Manual labor 0.97 MJ Straw for heat 1t (Migo-Sumagang, Maguyon-Detras et al. 2020)
Mushroom production Baled straw 1t Mushroom 100 kg 2000 000 kg (;);r&w)an etal. 2018; IRRI Rice Knowledge Bank

Manual labor 47M (Migo-Sumagang, Maguyon-Detras et al. 2020)
Anaerobic digestion Baled straw 1t Biogas 390 m? (Nguyen, Nguyen et al. 2016)

Manual labor 47M (Migo-Sumagang, Maguyon-Detras et al. 2020)
Fodder production Baled straw 1t Fodder 1t 1000 000 t

Manual labor 47M (Migo-Sumagang, Maguyon-Detras et al. 2020)
Pyrolysis Pelletized straw 1t Biochar 0491t 30000 000 t (Tewfik et al. 2009; Wu et al. 2012)

Manual labor 57MJ (Migo-Sumagang, Maguyon-Detras et al. 2020)

Diesel 6.57 L (Migo-Sumagang, Maguyon-Detras et al. 2020)
Direct combustion Pelletized straw 1t Heat 3058 kWh 88 682 kWh (Migo-Sumagang, Maguyon-Detras et al. 2020)

Manual labor 57MJ (Migo-Sumagang, Maguyon-Detras et al. 2020)

Diesel 6.57L (Migo-Sumagang, Maguyon-Detras et al. 2020)
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Maximal Structure Generation (MSG)

The P-graph framework, originally developed to solve Process
Network Synthesis problems, includes both combinatorial and
linear programming parts (Eles et al. 2021). It can effectively
graph and optimize complex process networks, and therefore,
combines the benefits of both combinatorial algorithms and
mathematical programming (Eles et al. 2021). Since the rice
straw supply chain can be represented as a process network,
and the selection of the optimal utilization pathway is a
combinatorial problem, the P-graph framework is adequate in
addressing the problem.

The maximal structure of the P-graph model was
constructed using the software P-graph Studio version
5.2.5 (Fig. 1). The maximal structure shows all the possible
pathways that the rice straw raw material can be converted
into the final products. The node representations are as
follows, raw materials are represented by the circles with a
white inverted triangle inside; intermediate materials by the
solid circles; the final products by the circles with a smaller
circle inside; and the operating units by horizontal bars. The
connections between the nodes represent the input and output
streams. In Fig. 2, the connections represented by the brown
lines are the diesel flows, while the green lines are the labor
energy flows.

RS_Field1 \JRS_Field2 RS_Field3

Harvest_Field_2 Harvest_Field 3

Harvest_Field 1

"b%. Bioenerg
dduction | / Sale_gf_Pellet / \'\-
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Sale_Baled_Straw Direct_Combustion

o

Rice_Strgw_Pellet

Baled_Slraw_Ior‘Sa\ Mushom Fodd® J 6 iogas iochar eal_for‘paddy‘drying

Fig. 2. Superstructure/Maximal structure of the rice straw network.
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Solving the Model

AP-graph finds the optimal structure by maximizing the profit
from the product less the cost of the raw materials and the
operating units. The cost of the operating unit is described by
a linear cost function as shown in Equation 2. The cost value
C, is a function of x, which is the capacity of the operating
unit. The parameters a, and b, correspond to annualized fixed
and variable costs, respectively. Since the case study is limited
to the operating costs, and the investment and fixed costs are
excluded, a,is equal to zero in the illustrative case study.

C=a+b, x, 2)

The P-graph framework uses three efficient algorithms:
Maximal Structure Generation (MSG), Solution Structure
Generation (SSG), and Accelerated Branch-and-Bound (ABB)
(Friedler et al. 1992a). MSG generates the maximal structure
based on the five axioms of a P-graph. SSG enumerates the
combinatorially feasible structures based on the maximal
structure. The framework includes an underlying linear
programming model to be solved by the ABB algorithm (Eles
et al. 2021).

The models were solved in P-graph Studio version 5.2.5,
on a laptop with 8.00 GB RAM, i7-7500U CPU, and a 64—
bit operating system running on Windows 10 Home Single
Language. The runtimes finished in less than 1 s each.

Case Study Scenarios

Four scenarios were investigated. The baseline (Scenario 1)
assumes the raw material availabilities in Table 1 where the
maximum yields of rice straw are achieved, and diesel and
manual labor are unlimited. This scenario is plausible when
the efficiency of rice straw collection is highest and petroleum
fuel is cheap. Scenarios 2 to 4 are disruption scenarios
wherein the availabilities of the diesel, manual labor, and
rice straw are reduced to 100 L/yr, 500 MJ/yr, and 75.32 t/yr,
respectively (Table 4). Scenario 2 simulates the possible future
decarbonization, thus limiting the supply of diesel. Currently,
there is a move to shift to low-carbon energy sources and
future policies may limit the availability of petroleum fuel.
Scenario 3 simulates the possible lack of available manpower
in agriculture, for example, due to the lack of interest of future
generations in agriculture. The decreasing trend in the number
of agricultural workers in the country is being presently
observed in the country as reported by the Philippine Statistics
Authority (Baclig 2022). In Scenario 4, rice straw field 1 stops
producing rice, simulating the possible future land-use
change. The Philippines has streamlined the conversion of
agricultural land to other types (Fulgar 2021), prompting an
increase in agricultural land use conversion.

https://pas.uplb.edu.ph
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Table 4. Case study scenarios.

Maria Victoria Migo-Sumagang and Michael Angelo B. Promentilla

Scenario Type Rice Straw Limit (t/yr) Diesel Limit (Llyr) Manual Labor Limit (MJ/yr)
1 Baseline 96.84 unlimited unlimited

2 Disruption (diesel) 96.84 100 unlimited

3 Disruption (manual labor) 96.84 unlimited 500

4 Disruption (rice straw) 75.32 unlimited unlimited

RESULTS AND DISCUSSION

Solving the model resulted in 155 feasible networks, 22 of
which are presented in Table 5. The optimal solution in terms
of profit is in the first row of the table, followed by the sub-
optimal solutions in decreasing profits (ranks 2 to 20, 29, and
52). The required amounts of diesel, labor energy, and rice
straw for each network are reported as negative values in
columns 2 to 4 of Table 5. These are followed by the products
wherein blank rows indicate that the specific product is not
produced in the network. It is possible to have multiple types
of products (such as the solutions ranked 29 and 52 shown in
Figs. 3b and 3c), creating a portfolio. The values in the product
columns indicate the amount of product(s) generated for that
network. The last column shows the maximum potential profit
generated by the network.

The optimal and two sub-optimal structures are found in
Figs. 3a to 3c. The case study considered the operating and raw
material costs but did not consider the fixed and investment
costs in the calculation of the profit. Based on the results, the
optimal solution is mushroom production with a profit of
US$ 14 658.60/yr, followed by rice straw pellets production
with a profit of US$ 12 626.90/yr. Among the top 18 solutions,
only mushroom and rice straw pellets are selected. Fodder
production only comes in 19" place, with a profit of US$ 6 993.67/
yr. The other unique solutions—biochar and heat for paddy
drying —are ranked 29 with a profit of US$ 5 269.13/yr, while
baled straw and heat for paddy drying are ranked 52 with a
profit of US$ 3 473.04/yr. Biogas production is not selected
among the top 52 solutions. The difference in profit between the
optimal solution and the 20* sub-optimal solution is US$ 7177.87 /yr,
which is almost half the optimum profit.

Table 5. Optimal and sub-optimal solutions for Scenario 1 (baseline).

Raw Materials Products
_ _ © = - 5 - o - )

Rank § § §§ ggg § u%j §§§ g g §§% Profit
[dm?lyr] MJiyr] [tyr] [tyr] [t/yr] [t/yr] [KWhiyr] kglyr] [t/yr] [USS$/yr]
Optimum -404.79 -549.08 96.84 9684.00 14 658.60
2 -5 547.00 -643.02 96.84 87.16 12626.90
3 -314.84 -427.06 75.32 7532.00 11401.10
4 -636.24 -468.52 96.84 7969.93 11301.70
5 -252.75 45168 96.84 7611.62 11215.00
6 -4314.33 -500.13 75.32 67.79 9.820.91
7 -269.86 -366.06 64.56 6 456.00 9772.37
8 -4 868.27 -545.83 96.84 73 9.629.64
9 -4294 52 -525.51 96.84 68.50 9618.08
10 -494.85 -364.41 75.32 6198.84 8790.21
1 -196.59 -351.31 75.32 5920.15 872275
12 -3698.00 -428.68 64.56 58.10 8417.93
13 -224.88 -305.05 53.80 5380.00 8143.64
14 -424.16 -312.35 64.56 531329 753447
15 -3786.43 42453 75.32 55.79 7489.72
16 -3340.19 408.73 75.32 53.28 7480.73
17 -168.50 -301.12 64.56 5074.42 7476.65
18 -3081.66 -357.23 53.80 4842 7014.94
19 -404.79 -549.08 96.84 96.84 699367
20 -179.91 -244.04 -43.04 4304.00 6514.91
29 -6.309.61 113719 96.84 28.50 88 682.00 5269.13
52 -2 369.54 441,07 -96.84 64.62 88 682.00 3473.04
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The best rice straw solution or portfolio of solutions
is context- and location- specific (Van Hung et al. 2020).
Hence, based only on the data used, mushroom and pellet
production are the most preferable options. It is important to
note, however, that the present model does not consider the
demands of each product. From Table 5, networks involving
mushroom production have lower diesel requirements, which
may be one of the reasons for its profitability. Mushroom is
known to have low production costs, growing flexibly both
indoors and outdoors (Thuc et al. 2020). In addition, the
native Philippine mushroom has nutraceutical and anti-
inflammatory properties (Reyes et al. 2013), making it a
product with great potential. Rice straw pellets (US$ 0.29/kg)
also rank in the top 20 solutions. Despite the results, rice straw
pellet production is affected by economies of scale and
would require a capacity of 1500 t/yr to compete with wood
and fossil fuels (Ishii et al. 2016). Fodder production, on the
other hand, generates only half of the optimal profit. Fodder
production is advantageous in other ways since it improves
animal performance and increases the production efficiency of
meat and milk (Aquino et al. 2020). Bioenergy products in the
form of biochar and heat only come in ranks 29 and 52. The
data used in the model is based on a paddy dryer simulator
using an electric blower, which contributes 40% of the cost of
paddy drying, which may explain the lower profitability of the
product (Migo-Sumagang, Maguyon-Detras et al. 2020). The
additional processing steps in bioenergy production may also
explain its lower profitability compared to the non-bioenergy
products.

The results of the disruption scenarios are shown in Table
6, showing the optimal solution, as well as another sub-
optimal solution for each scenario. Since the optimal solution

Table 6. Disruption scenarios.

Maria Victoria Migo-Sumagang and Michael Angelo B. Promentilla

structures Scenarios 2 to 4 resemble Fig. 3a, the structures were
not included in the paper. In Scenario 2, a limit of 100 L/yr
in diesel was imposed, simulating the future decarbonization.
The results show that the reduction in the available diesel still
favors mushroom production but at almost 70% reduction
in profit at US$ 4437.14/yr. Pellet production is completely
removed from the top solutions, and fodder production
appears in rank 14th with a profit of US$ 2053.54/yr, which
is an 84% reduction in profit compared to the baseline’s best
pellet production. Scenario 3 reduced the available labor to
500 MJ/yr, simulating the possible lack of interest of future
generations in agriculture. In this scenario, the optimal solution
is still mushroom production at the same profit as the baseline
scenario. Mushroom production is unaffected by the reduction
in manual labor in this case since the baseline scenario only
requires 549 M] /yr of labor energy, which is close to the limit of
500 MJ/yr of Scenario 3. Pellet production ranks 5" in the sub-
optimal solutions in Scenario 3 but is accompanied by baled
straw sales, with a total profit of US$ 9984.86/yr. Scenario 4
assumes that the rice straw in field 1 is unavailable (21.52 t/
yr), simulating the possible land-use change. The top solutions
in this scenario are similar in structure to that of the baseline
scenario but at a 22% profit reduction (Table 6). Hence, the
disruption scenarios show that mushroom production is still
the optimum solution, indicating the robustness of this option
using the case study data. Fig. 4 graphs the optimal and sub-
optimal (rank 2) solutions of Scenario 1 with the disruption
scenario solutions of Table 6. The dip in the profit of Scenario
2 shows that the profitability of the supply chain is strongly
dependent on diesel as a raw material. It is beneficial to
address the dependency of the rice straw supply chain on
fossil fuel in future policies, for example, by looking at low-
carbon alternatives.

Raw Materials Products
_ ] 5 9 32 B 5 g e @38 Profit
Scenario and Rank § § e % = § = g E % E = é S 8 % 3
[dm?®/yr] [MJyr] [tyr] [thyr] [thyr] [thyr] [kWhiyr] kafyr] [thyr] [USS/yr]
Scenario 1
-100.00 -178.71 -38.31 3011.49 443714
Rank 1
Scenario 1
-100.00 -178.71 -21.52 30.11 2053.54
Rank 14
Scenario 2
-368.61 -500.00 -88.18 8818.34 14 658.60
Rank 1
Scenario 2
-4 207.62 -500.00 -96.84 2522 64.45 9984.86
Rank 5
Scenario 3
-314.84 -427.06 -75.32 7 532.00 11 401.10
Rank 1
Scenario 3
-4 314.33 -500.13 -75.32 67.79 9820.91
Rank 2
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Fig. 4. Optimal and selected sub-optimal solutions for the different scenarios.
CONCLUSION

This study presents a novel P-graph model to support
decision-making in optimal rice straw utilization pathways
using techno-economic data. The model considers the rice
straw collection and storage steps as well as the production
of both bioenergy and non-bioenergy products. The model
can generate optimal and sub-optimal solutions (based on
profit) and can simulate diesel, labor energy, and rice straw
raw material disruption scenarios. Based on the illustrative case
study using 96.84 t/yr rice straw (considering the operating and
raw material costs and excluding investment and fixed costs),
mushroom production is the optimal solution in terms of profit
(US$ 14 658.60/yr), followed by pellet production (US$ 12 626.90 /
yr). Disruption scenarios simulating future reductions in the
available diesel, labor energy, and rice straw raw materials
show that mushroom production is still the optimum solution,
indicating the robustness of this option. Although the best rice
straw solution or portfolio of solutions is context- and location-
specific, this basic model demonstrates that the P-graph
approach can be applied to rice straw management networks
to aid with decision-making for sustainability. For example, in
some areas, rice straw as fodder is the best solution due to the
low transportation cost. In addition, the results only reflect the
current scale of the study (96.84 t/yr rice straw). Mushroom
production using rice straw as substrate at larger scales
must be investigated. Hence, the results must be interpreted
with caution and be further consulted with experts before
translating into policy. Overall, this study presents a decision

| Philipp Agric Scientist (2024)107(3):253-265

support model for rice straw waste valorization and avoidance
of open-field burning. Future work includes carbon footprint
accounting from Life Cycle Analysis (LCA) and integration
with multi-criteria decision analysis (MCDA) techniques such
as Analytical Hierarchy Process (AHP) to evaluate the sub-
optimal solutions. It is also recommended to consider demand
constraints and uncertainties in the data in future models.
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