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(Shemshadi et al., 2011). In this VIKOR - P-graph method, a reversed function, Q'; is used instead (Eq(4)). With
this expression, alternative with larger Q'; is more preferable. By assigning a unit price (e.g., 1 $/t) to the Q';,
the model will rank all the alternative according to the Q'; value (Figure 3).

S]__S]_min R]-—R]-min
Q] = Uslmax_slmin + (1 - U) R,Mmax_p min VJ € ] (3)
J J J J
. S]_max_sj ijax_Rj .
Q j = Usjmax_sjmin + (1 - U) ijax_ijin VJ € ] (4)
From previous step From previous step

deduction_2

ontrol_Sj_max control_Rj_max

Figure 3: Ranking of alternative using Q’j (red fonts indicates the flow magnitude for the arrows)

4. Case study demonstration

In this hypothetical case study, three conversion units, i.e., fermentation, combustion and carbonization units
are considered to convert rice straw (5.0 t/h) and rice husk (0.8 t/h) into valuable products (i.e., bioethanol,
electricity, and solid fuel). Table 1 tabulates the process and material cost data for each considered unit; while
the operating cost and fixed investment cost for each unit are shown in Table 2. Note that the electricity
generated from combustion unit can be sold to the grid (0.1458 USD/kWh) or supplied to other units. In addition,
the power requirement can also be supplied by the imported electricity (assumed import prize as 0.176 $/kWh
with 0.000691 tCO2-eq CO2/kWh of emissions (Climate Transparency Report 2020)).

Table 1: Process input-output data of each conversion unit and respective material costs

Material Fermentation Combustion Carbonization Cost ($/unit)
Bioethanol (L/h) 1.0000 0.0000 0.0000 1.1861 L'
Solid fuel (kW) 0.0000 0.0000 1.0000 0.065 kWh!
Electricity (kW) -1.6074 1.0000 -0.7380 0.1458 kWh-"
Rice straw (t/h) -0.0036 -0.0019 0.0000 275t

Rice husk (t/h) 0.0000 0.0000 -0.00043 37.5t7
Emission (tCO2-eqg/unit) 0.0030 L™ 0.000067 kWh' 0.00045 kWh-"! -

References Sreekumar et al. (2020) Unrean et al. (2018) Aberilla et al. (2019) Market data

Table 2: Operational and investment cost for each conversion unit

Cost Fermentation Combustion Carbonization
Fixed investment cost ($/h) 157.92 168.45 278.27

Operating cost ($/unit) 0.3987 L 0.0050 kWh'" 0.0468 kWh'"
References Tefwik et al. (2015) Unrean et al. (2018) IRENA (2012)

The constructed VIKOR — P-graph model is presented in Figure 4. The model generated seven feasible
configurations for the proposed case study (Table 3). Carbonization unit was not selected in any of the generated
solutions. This is mainly due to the high investment cost which causes it to be economically-infeasible. It is worth
noting the best solution at 15t rank is neither the solutions with the highest profit (ranked 5" at 405.271 $/h) nor
the lowest carbon emission (ranked 4™ at 0.176 tCO2-eq/h). This was due to the fact that the counter-part
consideration in those solutions is the worst-case scenario, highest carbon emission at 5.709 tCO2-eg/h and
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lowest profit at 0.000 $/h respectively. In contrast, the optimal solution suggested to partially consume the rice
straw in both combustion unit (~30 % of the total feed) and fermentation unit (~70 % of the total feed). With this
configuration, compromised sustainability performance in terms of both economic and environmental aspects
can, therefore, be obtained (emissions reduced about 40 % with a reasonable profit margin). The results also
reveal that having a mixed power supply is more favourable than having only combustion unit as the sole power
supply despite that the cost of imported power is higher. This is due to the economic-competitiveness nature of
a limited resource system, where the balanced amount of biomass should be used to generate power for local
consumption and to be utilized in a more profitable process for bioethanol production.

Table 3: Solutions generated from P-graph model

Rank Bioethanol Solid fuel Import Power Generated Power Generated Power Profit CO2 Q
(L/h) (kW) (kW) to recycle (kW)  to be sold (kW) ($/h) (tCO2-eq/h)
1st 972.179 0.000 773.124 789.556 0.000 161.606 3.504 1.1
2 751.421 0.000 0.000 1,207.83 0.000 121.76  2.335 0.99
3rd 941.753 0.000 1,513.77 0.000 847.205 130.529 3.928 0.92
4t 0.000 0.000 0.000 0.000 2,631.58 64.5763 0.176 0.87
5t 1,388.89  0.000 2,2325 0.000 0.000 405.271 5.709 0.53
6th 326.078 0.000 0.000 524.137 1,489.61 0.000 1.113 0.46
7t 392.665 0.000 631.169 0.000 1,887.58 0.000 1.741 0.38
"y Rice_Straw ™ Rice_husk
R MJS Einelhanmuuom o @ Solid_fuel
Combustion  Fermentatjo] ., ir@rbonization Combust_imp (Carbonization_img
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Figure 4: Representation of VIKOR - P-graph model for rice-based SIBR synthesis

5. Conclusions

A novel VIKOR - P-graph framework that can simultaneously yield feasible solutions and rank them based on
VIKOR calculation, has been proposed in this work. In other words, one does not need to pre-determine a list
of feasible solutions prior to the VIKOR optimization, which therefore can avoid the reliability issues of sequential
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model. In this work, the effectiveness of the proposed VIKOR — P-graph model is demonstrated using a rice-
based SIBR case study. Overall, the model is proven capable of generating optimal compromised solution (not
over-prioritizing any objective) where both economic and environmental goals are considered. A SIBR that
encompasses fermentation and combustion technologies (which offers a profit of 161.6 $/h and emissions rate
of 3.504 tCOz-eq/h) has been synthesized. Future works include (i) extending the model in a complex system
or other scale and (ii) incorporating grey relational analysis (GRA) with the current VIKOR — P-graph framework;
this is to have better estimation of the closeness between each feasible solution with the ideal solution.
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