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A global movement is working towards emission reduction. Despite its availability, biomass is generally under-
utilised due to various challenges, including financial factors. Convincing economic and environmental
performances of biomass waste-to-wealth processing networks are needed to motivate investors and boost the
implementation of biomass projects. In this work, the P-graph is combined with Pareto visualisation to optimise
and screen biomass waste-to-wealth processing network to generate optimal models for investors’ selection.
The selected optimal solution generates an annual gross profit of MYR 210 M and a total carbon emission of 69
kt COz2. This work aims to motivate the development of the biomass industry by providing a convincing statement
to the palm industry and investors for investment and development.

1. Introduction

Palm oil, renowned for its high melting point and stability at high temperatures, is widely used in the food industry
as an edible oil. Palm oil segment has been dominating the global vegetable oils consumption market, at ~78
Mtly (Statista, 2024). The huge production of palm oil also raises concerns about the significant volume of
biomass generated by the palm oil industry, averaging at 9 t of biomass generated per t of crude palm oil
produced (Loh and Choo, 2013). The palm biomass generated stems primarily from two sources: the oil palm
plantation and the palm oil mill. The oil palm plantation yields Oil Palm Frond (OPF) and Oil Palm Trunk (OPT),
while the palm oil mill produces Empty Fruit Bunch (EFB), Palm Kernel Shell (PKS), Palm Mesocarp Fibre
(PMF), and Palm Oil Mill Effluent (POME).

The large volume of palm biomass has created disposal and environmental issues due to poor waste
management. In fact, these biomass can be processed into value-added products through various technologies.
To tackle the waste disposal issues, the concept of circular economy (CE) can be applied. CE is defined as the
system of regeneration that minimise waste generated by closing and extending the loops of supply chain and
improving eco-efficiency technologies while maintaining and maximising its value in the economy based on
three principles: eliminate waste and pollution, circulate products and materials at their highest value and
regenerate nature. To achieve CE in palm oil industry, the concept of waste to wealth is the key to extend the
loop of supply network by using palm biomass to produce valuable products through different technologies. If
unutilised, palm biomass ends up in landfilling, which emits ~400 kg COze/t biomass (Nordahl et al., 2020).
Different techniques are available for the synthesis and optimisation of biomass processing network. The
application of P-graph in process synthesis was first used for mass exchange network synthesis (Lee and Park,
1996). The effectiveness of P-graph application in generating feasible structure compared to conventional
mathematical programming approach was demonstrated. The application of P-graph was then extended for
heat exchanger network (HEN) and biomass supply chain syntheses (How et al., 2019). These applications
proved the capability of P-graph framework in process synthesis. As a graph-theoretical approach, P-graph
displays a visual interface which enables users to construct the case study in an easier manner and allows
audience without strong mathematical programming background to understand the case study easily. However,
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P-graph is typically used for single objective optimisation. The combination of P-graph and Pareto visualisation
enables another objective of different dimension to be included for solution screening.

Palm biomass has great potential to be processed into value-added products and biomass energy, this approach
mitigates environmental issues stemming from the unattended biomass in the palm oil industry. Many
processing methods (e.g. enzymatic hydrolysis, fermentation, chemical extraction, etc.) have been developed
and tested to produce various valuable products (Hau et al., 2022). The main challenge impeding the
advancement of the biomass industry is the economic factor, manifested in additional capital requirement and
the lack of convincing evidence regarding the profitability of biomass products. The initiative to evaluate the
economic and environmental performances of the biomass waste-to-wealth supply network is crucial to
stimulate the adoption of technologies for generating biomass-based products. A positive outcome from this
evaluation could increase the possibility of attracting potential investors for biorefinery technologies and the
deployment of biomass energy. This work aims to develop an optimisation model using the P-graph coupled
with Pareto visualisation to assess the economic and environmental performances of a palm biomass supply
network. The model identifies both the optimal and sub-optimal solutions across various process pathways using
P-graph with Pareto visualization to screen the optimised solutions for further decision making.

2. Methodology

The study initiates by establishing a biomass network and defining economic and environmental indicators.
Then, a P-graph model is constructed, employing the Mixed Integer Linear Programming (MILP) and
Accelerated Branch-and-Bound (ABB) algorithm within the P-graph framework. The P-graph superstructure is
constructed by mapping the available biomass resources to the available biomass conversion technologies and
ending with the production of respective biomass products from the processes. By utilising P-graph, the study
ascertains feasible technologies and end-products for palm biomass processing, evaluating different pathways'
feasibility and their corresponding economic and environmental impacts. The solutions are later visualised in
Pareto chart for environmental performance screening. The economic performance of the biomass processing
network is quantified by the gross profit of the pathway which includes biomass cost, transportation cost,
operating expenditure (OPEX) and capital expenditure (CAPEX). In terms of environmental dimension, the
environmental performance is quantified based on the total carbon emission.

2.1 Economic Dimension

The biomass is sourced from palm oil mill and palm oil plantation. Raw material cost includes the biomass cost
and the transportation cost, as shown in Eq(1).

CRM — CBiomass + CTransport (1)
Where CRM(MYR/t) is the total raw material cost, CBio™mass(MYR/t) is the cost of biomass and CTTensPort(MYR/t)
is the biomass transportation cost from the source to the processing plant.

The biomass processing plant is assumed to be set up next to palm oil mill. EFB, PKS and POME are collected
at palm oil mill and fed directly to the processing plant. OPF and OPT are collected in oil palm plantation, the
average distance for biomass transportation from oil plantation to palm oil mill is 31 km (Arshad et al., 2019).
The biomass transportation cost is determined using Eq(2).

cTransport — FC x D X CFuel/ 8 (2)
Where cTransport (MYR/t biomass) is the biomass transportation cost from the source to processing plant,
FC(L/km) is the fuel consumption rate of vehicle, D(km) is the distance from source to the plant, CF*¢*(MYR/L)
is the cost of diesel fuel.

The cost function forms the economic indicator and is evaluated to be maximised:

PTOfit — (Product _ ~RM _ ~OPEX _ ~CAPEX (3)
where Profit (MYRJy) is the gross profit, CProduct (MYRJy) is the revenue received from product sales, C’M
(MYRYy) is the total raw material cost, C°PEX (MYR/y) is the operational expenditure and C“4PEX (MYR/y) is the
capital expenditure.

2.2 Environmental Dimension

Total carbon emission, as shown in Eq(4), serves as the environmental indicator and measures the
environmental performance of the biomass processing network. In the model, the environment indicator is input
into P-graph by considering it as a product outlet for all the technologies. This allows P-graph model to evaluate
the total carbon emission of the selected pathway. The carbon emission rate of each technology is determined
with Eq(4).

Total carbon emission = EPTocess 4 gTransport 4 putility (4)
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where Total carbon emission (t COz2/y) is the total carbon emission, EP70¢ess (t COz2ly) is the carbon emitted by
the process, ETransport (t CO,ly) is the carbon emitted during the transportation of biomass and EVHUEY (t CO2ly)
is the indirect carbon emitted considering the consumption of electricity generated using fossil fuel.

2.3 Demonstration Case Study

A demonstration case study is developed based on the annual production rate of an operating palm oil company
in Malaysia. In this study, biomass from the oil palm plantation, i.e. OPF and OPT, and biomass from the palm
oil mill, i.e. PKS, EFB and POME, are considered as sources of biomass. The integrated palm biomass supply
network is designed to produce bioethanol, biochar, biooil, syngas and bio-methane through different
technologies. Table 1 shows the conversion ratio of all the available technologies used for biomass processing.

Table 1: Conversion ratio of all technologies for each biomass

Technology Feedstock Output Conversion Reference
Fermentation EFB Bioethanol  0.09 t/t (Nurul Adela et al., 2014)
OPF 0.32 t/t (Kumneadklang et al., 2015)
OPT 0.223 t/t (Eom et al., 2015)
Slow Pyrolysis EFB Biochar 0.109 t/t; 0.099 t/t; 0.116 t/t  (Kong et al., 2014)
OPF Biooil 0.099 t/t; 0.090 t/t; 0.105 t/t (Kong et al., 2014)
OPT Syngas 0.079 t/t; 0.072 t/t; 0.084 t/t  (Kong et al., 2014)
PKS 0.290 t/t; 0.264 t/t; 0.308 t/t  (Kong et al., 2014)
Fast Pyrolysis EFB Biochar 0.040 t/t; 0.248 t/t; 0.043 t/t  (Kong et al., 2014)
OPF Biooil 0.036 t/t; 0.225 t/t; 0.039 t/t (Kong et al., 2014)
OPT Syngas 0.029 t/t; 0.18 t/t; 0.031 t/t (Kong et al., 2014)
PKS 0.106 t/t; 0.660 t/t; 0.114 t/t  (Kong et al., 2014)
Anaerobic EFB Bio- 45 m3ft (Suksong et al., 2020)
Digestion (AD) OPF methane 42 m3it (Suksong et al., 2020)
OPT 35 mt (Suksong et al., 2020)
POME 10 msit (Madaki and Seng, 2013)
Gasification EFB Syngas 2,178 m3/t (Sukiran et al., 2011)
OPF 2,223 m3/t (Konda et al., 2012)
OPT 2,105 md/t (Nipattummakul et al., 2012)

The annual working hour and payout period for the system is 8,000 h/y and 10 y. The annual biomass input is
calculated based on 205,882 t/ly FFB, which gives a maximum available biomass of 347,735 t/y. Table 2 shows
the conversion ratio of FFB (fresh fruit bunch), biomass availability and their cost and emission parameters.
Table 3 shows the selling price of biomass products and the capital expenditure (CAPEX) and operational
expenditure (OPEX) of biomass processing technologies.

Table 2: Conversion ratio of FFB, availability of biomass, cost of biomass, and emission parameter of biomass

Biomass Conversion Ratio! Available Biomass Total Raw Material Carbon Emission?

(t output/t of FFB)  (tly) Cost (MYR/) [kg CO2/t biomass transported]
PKS 0.069 14,206 250.40 0.519
EFB 0.230 47,353 50.40 0.519
POME 0.599 123,323 0 0
OPT 0.100 142,264 254.17 5.367
OPF 0.691 20,588 54.17 5.367

Source: 'Yeo et al. (2020), 2Wang and Yang (2022)

Table 3: Biomass product selling prices and cost of biomass processing technologies

Product Unit  Price (MYR/ur Technology CAPEX (MYR/t) OPEX (MYRI/t)
Bioethanol* t 2661.6 Fermentation* 159.00 260.00
Biochar?! t 1260 Slow Pyrolysis* 173.00 108.00
Bio-oil? t 917 Fast Pyrolysis* 141.00 171.00
Syngas? m?3 0.6 Anaerobic Digestion®  261.10 2.69
Bio-methane® m?3 1.13 Gasification* 150.00 180.00

Source: *MacRelli et al. (2012); 2How (2018); ®How et al. (2018); “Yeo et al. (2020)

The environmental dimension is measured according to the total emission of carbon dioxide from the process
and transportation of biomass. Table 4 tabulates the steam and electricity requirement of each technology.



568

Table 5 shows the carbon emission parameters for biomass transportation and processing technology. The
emission rate of transportation is 2.77 kg CO:z per L of Diesel (Wang and Yang, 2022). The rate of carbon
emission from power generation is 1.18 kg CO2 per kWh of electricity consumed. Pyrolysis process generally

offers negative carbon emission (Hammond et al., 2011).

Table 4: Scale factors of steam and electricity demand for each technology

Technology Steam (t MPS/t biomass) Electricity (kWh/t biomass) Reference

Fermentation - 62.46 (Kumar and Murthy, 2011)
Slow Pyrolysis - 150 (Humbird et al., 2011)
Fast Pyrolysis - 180 (Humbird et al., 2011)
Anaerobic Digestion - - -

Gasification 0.45 280 (Humbird et al., 2011)

Table 5: Carbon emission rate of conversion technology

Technology Feedstoc  Emission rate Technology Feedstock Emission rate
[t CO2/t biomass] [t CO2/ t biomass]
Proces Power Process Power
generatior generatior
Fermentation EFB 0.084 0.074 Anaerobic EFB 0.079 0
OPF 0.300 Digestion OPF 0.074
OPT 0.079 OPT 0.043
Slow Pyrolysis  EFB - 0.177 POME 0.036
OPF - Fast Pyrolysis EFB - 0.212
OPT - OPF -
PKS - OPT -
Gasification EFB - 0.330 PKS -
CIPKS POME
Pre_treatment 2 Pre_teatment 3
Acid_treated EFB Treated POME
Slow_Pyrolygis_1 Fast_Pyrolysis_1 Slow_Pyrolfsis_2 Gasif
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Figure 1: P-graph model of the case study (blue box represents the total carbon emission)

The benchmark of total carbon emission allowance is set based on the estimated carbon emission from
landfilling palm biomass at a rate of 400 kg CO2zeq/ t biomass. The total carbon emission allowance of the
biomass conversion process is assumed to be 50 % of the total carbon emission from landfilling process, which
takes the value of 69,547 t COzeqly. Figure 1 shows the P-graph model of the case study constructed using P-

graph Studio.
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3. Results and discussion
3.1 Optimization using P-graph model

The optimisation in P-graph is performed using ABB algorithm. The optimal solution gives a profit of 225,447,000
MYR/y. PKS, EFB, OPT and OPF were utilised to produce 1,619 t/y of biochar, 9,376 t/y of bio-oil, and
462,728,000 m3/y of syngas with POME not being utilised. Table 6 summarises the top 5 solutions generated
by the P-graph model.

3.2 Pareto visualisation

The solutions derived from P-graph is portrayed using Pareto chart (as shown in Figure 2) which allows the
simultaneous display of economic performance and environmental performance for each solution. As the most
optimal solution may not be the most ideal solution in practice, the Pareto chart allows the selection of solution(s)
according to a company’s emission target.

Table 6: Top 5 results generated by P-graph model

Rank Profit (MYR/y) Total Carbon
Emission (t CO2ly)

Pathway
Selection

1 226,476,000 73,286.0 PKS — Fast Pyrolysis OPT — Gasification POME — Unutilised
EFB — Gasification OPF — Gasification

2 225,641,000 72,788.8 PKS — Slow Pyrolysis OPT — Gasification POME — Unutilised
EFB — Gasification OPF — Gasification

3 222,018,000 70,267.0 PKS — Unutilised OPT — Gasification POME — Unutilised
EFB — Gasification OPF — Gasification

4 221,027,000 69,641.9 PKS — Fast Pyrolysis OPT — Fermentation POME — Unutilised
EFB — Gasification OPF — Gasification

5 210,192,000 69,144.7 PKS — Slow Pyrolysis OPT — Fermentation POME — Unutilised

EFB — Gasification

OPF — Gasification

Typical optimisation objectives are to maximise the profit and minimise the total carbon emission. These two
objectives are generally opposed to each other, as total carbon emissions typically increase with profit. The
optimal solution is determined by finding the maximum profit achievable within the given carbon emission
allowance. If the CO2 emission allowance is set to 50% (69,546.94 t/y) of what would be caused by landfilling
biomass, the Rank 1 solution does not meet the specification, but Structure 5 solution does. The results indicate
that converting palm biomass into value-added products releases less carbon into the atmosphere compared to
landfilling biomass. In short, the model is capable of generating solutions that meet the objectives of this study
for both economic and environmental indicators (i.e., a positive gross profit and an acceptable reduction in total
carbon emissions). The results prove the feasibility of a palm biomass waste-to-wealth processing network and
provide a convincing note regarding economic and environmental performance to the industry and investors.

,;250 100 __
g E Profit (MYR/y) s CO2 (tly) 50% CO2 allowance b=
& 200 80 X
=3
T =
S 150 60 &S
S 2
% 100 40 =
= g
= [}
5 50 20 «
= o}
& o0 0o ©
HOULUN~NDEAOONDEHNOUUNDHNOUNDTNOONDATNONDDATOONDDANON~ND NN MO N~ND
QOO OO A A A A NNNNNNDONONOOSTITIIITITIOLULOLOOL OOOOONSMNSNNSENSENODNOWOW®NDDDNDD
555559002 pppppureooppo00000Q00Q00000000QQR0000Q0Q0Q000Q
boocooSEdedEeedsEEEed2eEeeEeeeeedeEgea2sEeesEeeEsggaga
3333300000000 LLLOLLOLOOLOLOLOLOLOOLOOLOOLOLOLOLOLOLOLOLOLOLLLOLLLOLLLOLOLOLOOL OO
tEEEEs353232222222222222222222222:222222:22:22:2222223222232
DHARRDADDDDRDRADDDDBBRDDDDDDDARANDBDDDDDRDDDDDDDD DD
Solutions

Figure 2: Pareto chart plotted for top 100 solutions in descending profit

4. Conclusions

An optimisation model for palm biomass waste-to-wealth processing network was constructed through P-graph
approach. The biomass conversion technologies available for PKS, EFB, POME, OPT and OPF were
considered to convert biomass into valuable products with their potential carbon emissions evaluated. With the
generated solutions using P-graph, Pareto chart was used to screen solution with acceptable total carbon
emission allowance benchmarked at 50 % of the carbon emission caused by biomass landfilling. Solution
Structure 5 was identified as the feasible solution meeting the emission criteria while generating positive income.
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The feasible outcome of the study provides a convincing statement to the industry and investors to explore
further the biomass waste-to-wealth supply network. Future work can include the social dimension to enhance
the study scope. More indicators can also be considered in the evaluation of existing dimensions to consider
the long-term sustainability of solutions. Circular economy concept can be implemented to achieve a closed
loop, self-sustaining biomass processing network. Further study can also integrate biomass sources from
different industries to generate a comprehensive biomass processing network.

References

Arshad F., Subramaniam V., Nambiappan B., Ismail A., Yusoff S., 2019, Energy consumption during
transportation along the palm oil supply chain in Malaysia. Journal of Oil Palm Research, 31(4), 641-650.
Eom L.-Y., Yu J.-H., Jung C.-D., Hong K.-S., 2015, Efficient ethanol production from dried oil palm trunk treated

by hydrothermolysis and subsequent enzymatic hydrolysis. Biotechnology for Biofuels, 8, 83.

Hammond J., Shackley S., Sohi S., Brownsort P., 2011, Prospective life cycle carbon abatement for pyrolysis
biochar systems in the UK. Energy Policy, 39(5), 2646-2655.

Hau E.H., Teh S.S., Yeo S.K., Chua B.L., Mah S.H., 2022, Transformation of Oil Palm Biomass into Value-
Added Components. Reviews in Agricultural Science, 10, 36-55.

How B.S., Yeoh T.T., Tan T.K., Chong K.H., Ganga D., Lam H.L., 2018, Debottlenecking of sustainability
performance for integrated biomass supply chain: P-graph approach, J. Clean. Prod., 193, 720-733.

How B.S., 2018, Novel sustainable evaluation approach for multi-biomass supply chain. PhD Thesis, University
of Nottingham — Malaysia <https://eprints.nottingham.ac.uk/49091/>, accessed 06.08.2024.

How B.S., Teng S.Y., Leong W.D., Ng W.P.Q., Lim C.H., Ngan S.L., Lam H.L., 2019, Non-linear Programming
via P-graph Framework. Chemical Engineering Transactions, 76, 499-504.

Konda R.E., Sulaiman S.A., Ariwahjoedi B., 2012, Syngas Production from Gasification of Oil Palm Fronds with
an updraft gasifier. Journal of Applied Sciences, 12(24), 2555-2561.

Kong S.-H., Loh S.-K., Bachmann R.T., Rahim S.A., Salimon J., 2014, Biochar from oil palm biomass: A review
of its potential and challenges. Renewable and Sustainable Energy Reviews, 39, 729-739.

Kumar D., Murthy G.S., 2011, Impact of pretreatment and downstream processing technologies on economics
and energy in cellulosic ethanol production. Biotechnology for Biofuels, 4, 27.

Kumneadklang S., Larpkiattaworn S., Niyasom C., O-Thong S., 2015, Bioethanol Production from Oil Palm
Frond by Simultaneous Saccharification and Fermentation. Energy Procedia, 79, 784-790.

Lee S., Park, S., 1996, Synthesis of mass exchange network using process graph theory. Computers &
Chemical Engineering, 20(SUPPL.1), S201-S205.

Loh S.K., Choo Y.M., 2013, Prospect, Challenges and Opportunities on Biofuels in Malaysia. In: Pogaku R.,
Sarbatly R. (Eds), Advances in Biofuels. Springer, Boston, USA.

MacRelli S., Mogensen J., Zacchi G., 2012, Techno-economic evaluation of 2" generation bioethanol
production from sugar cane bagasse and leaves integrated with the sugar-based ethanol process.
Biotechnology for Biofuels, 5, 22.

Madaki Y.S., Seng L., 2013, Palm Oil Mill Effluent (POME) from Malaysia Palm Oil Mills: Waste or Resource.
International Journal of Science, Environment and Technology, 2(6), 1138-1155.

Nipattummakul N., Ahmed I.I., Kerdsuwan S., Gupta A.K., 2012, Steam gasification of oil palm trunk waste for
clean syngas production. Applied Energy, 92, 778-782.

Nordahl S.L., Devkota J.P., Amirebrahimi J. et al., 2020, Life-Cycle Greenhouse Gas Emissions and Human
Health Trade-Offs of Organic Waste Management Strategies. Environ. Sci. Technol., 54, 9200-9209.

Nurul Adela B., Nasrin A.B., Loh S.K., Choo Y.M., 2014, Bioethanol Production by Fermentation of Oil Palm
Empty Fruit Bunches Pretreated with Combined Chemicals. J. Appl. Environ. Biol. Sci, 4(10), 234-242.
Statista, 2024, Consumption of vegetable oils worldwide from 2013/14 to 2023/2024, by oil type.

<www.statista.com/statistics/263937/vegetable-oils-global-consumption/>, accessed 10.03.2024.

Sukiran M.A., Kheang L.S., Bakar N.A., May C.Y., 2011, Production and Characterization of Bio-Char from the
Pyrolysis of Empty Fruit Bunches. American Journal of Applied Sciences, 8(10), 984-988.

Suksong W., Tukanghan W., Promnuan K., Kongjan P., Reungsang A., Insam H., O-Thong S., 2020, Biogas
production from palm oil mill effluent and empty fruit bunches by coupled liquid and solid-state anaerobic
digestion. Bioresource Technology, 296, 122304.

Wang Y., Yang Y., 2022, Research on Greenhouse Gas Emissions and Economic Assessment of Biomass
Gasification Power Generation Technology in China Based on LCA Method. Sustainability, 14(24), 16729.

Yeo J.Y.J., How B.S., Teng S.Y., Leong W.D., Ng W.P.Q., Lim C.H., Ngan S.L., Sunarso J., Lam H.L., 2020,
Synthesis of sustainable circular economy in palm oil industry using graph-theoretic method. Sustainability,
12(19), 8081.





