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ABSTRACT 
This study develops a multi-objective computer-aided process engineering (CAPE) framework to 
evaluate integrated sugarcane-based agro-industrial systems combining a high-yield cultivar, 
Haru-no-Ougi, and the “Inversion Process, ” which reverses the conventional order of sugar crys-
tallization and ethanol fermentation through selective fermentation of reducing sugars. The in-
house CAPE tool SugaNol integrates agricultural, industrial, and environmental (life cycle assess-
ment) models to simulate productivity, energy balance, greenhouse-gas (GHG) emissions, and 
relative economic performance on a per-hectare basis. Four scenarios were analyzed: NiF8–Con-
ventional, KY01-2044–Conventional, Haru-no-Ougi–Conventional, and Haru-no-Ougi–Inversion 
Process. Simulation results showed that the combined Haru-no-Ougi and Inversion Process sys-
tem increased total energy-equivalent productivity by approximately 40-45% compared with the 
baseline NiF8 system. Life cycle GHG emissions were reduced by 4–11%, while relative economic 
performance improved by approximately 35-40% due to enhanced ethanol and electricity co-pro-
duction. These results demonstrate that CAPE-based multi-objective simulation enables holistic 
assessment and design of agro-industrial systems by explicitly linking crop traits and process de-
sign, providing a quantitative basis for sustainable sugar–ethanol–energy system design. 

Keywords: Computer-Aided Process Engineering (CAPE),  Life Cycle Assessment (LCA), Agro-Industrial Sym-
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INTRODUCTION 
Sugarcane (Saccharum spp.) has historically been 

cultivated primarily for sugar production; however, in the 
era of global decarbonization and resource circularity, it 
is increasingly recognized as a promising feedstock for 
integrated agro-industrial systems producing sugar, eth-
anol, and electricity. Its unique combination of high bio-
mass productivity and sugar accumulation makes it one 
of the few crops capable of providing both food and en-
ergy from the same land area [1-3]. Consequently, sug-
arcane-based industries play a central role in achieving 
carbon neutrality and the development of circular bio-
economies in tropical and subtropical regions. 

Nevertheless, recent breeding strategies aimed at 

yield improvement have revealed a significant trade-off 
between total cane yield and sucrose content [3]. The 
conventional Japanese cultivar NiF8 exhibits a moderate 
cane yield (60-70 t ha⁻¹) with high sucrose content (13-
14%), whereas the high-biomass cultivar KY01-2044 
achieves a much higher cane yield (90-100 t ha⁻¹) but at 
the expense of lower sucrose (9-10%). As a result, de-
spite increased biomass productivity, sugar yield per unit 
land area is reduced by on the order of 10% compared 
with conventional cultivars. Such compositional trade-
offs necessitate process-system innovations that valor-
ize both sugars and lignocellulosic residues to improve 
overall system efficiency. 

A new high-yield Japanese cultivar, Haru-no-Ougi, 
was developed through breeding to overcome this 
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limitation [4]. It combines high cane yield (100-120 t ha⁻¹) 
with moderate-high sucrose content (11-12%) and in-
creased fiber content (14-15%), enabling both efficient 
sugar crystallization and enhanced cogeneration from 
bagasse. To maximize the benefits of this cultivar, how-
ever, the industrial process configuration must be opti-
mized in an integrated manner [2]. 

To address this challenge, the “Inversion Process” 
was introduced by [3, 5, 6] as a novel industrial scheme 
that reverses the conventional sugar–ethanol production 
sequence. Rather than crystallizing sucrose first and fer-
menting residual molasses, this approach selectively fer-
ments reducing sugars (glucose and fructose) using in-
vertase-defective yeast before crystallization. By remov-
ing inhibitory reducing sugars early, the process achieves 
higher sucrose purity, better crystallization efficiency, 
and greater ethanol yield, contributing to improved en-
ergy integration. 

Despite these technological advances, a compre-
hensive evaluation integrating both agricultural and in-
dustrial performance remains limited [7]. Conventional 
life cycle assessment (LCA) and process optimization 
studies often focus on either cultivation or factory oper-
ation in isolation. Therefore, this study aims to establish 
an integrated Computer-Aided Process Engineering 
(CAPE) framework that couples agricultural, industrial, 
and environmental models to evaluate and optimize 

sugarcane-based agro-industrial systems. 
The objective of this research is to apply the CAPE-

based multi-objective simulation framework to the high-
yield cultivar Haru-no-Ougi combined with the Inversion 
Process. The framework quantifies agricultural and in-
dustrial productivity, life cycle greenhouse-gas (GHG) 
emissions, and the associated economic performance on 
a per-hectare basis to identify synergistic solutions that 
simultaneously enhance food, fuel, and energy produc-
tion toward carbon neutrality. 

METHODOLOGY 
Integrated CAPE Simulation Framework 

An integrated CAPE framework was developed us-
ing the in-house Excel-based simulation tool SugaNol, 
originally introduced by Ouchida et al. [8]. The tool inte-
grates three sub-models—agricultural, industrial, and en-
vironmental (LCA)—within a single platform to allow mass 
and energy balance consistency between field and fac-
tory operations. Figure 1 illustrates the overall structure 
of the integrated CAPE framework, linking agricultural 
production, industrial processing, and life cycle assess-
ment within a unified simulation platform. 

 The simulation workflow begins with agricultural 
data (yield, composition) and propagates through pro-
cess simulation to calculate product yields, energy use, 

 
Figure 1. Integrated CAPE framework “SugaNol” linking agricultural, industrial, and environmental (LCA) models for 
sugarcane-based systems. 
 



 

Ohara et al. / LAPSE:2026.0356 Syst Control Trans 5:1212-1218 (2026) 1214  

and emissions. The environmental model subsequently 
evaluates life cycle impacts and provides feedback for 
comparative multi-objective evaluation. All results are 
normalized to the functional unit of 1 ha of field.  

 

Agricultural Model 
The agricultural model represents field operations 

and compositional characteristics of different cultivars. It 
considers inputs of fertilizers (N, P, K), compost, pesti-
cides, irrigation water, and fuel consumption for tillage, 
planting, harvesting, and transport. Outputs include cane 
yield and stalk composition (sucrose, reducing sugars, fi-
ber, and moisture). 

Three cultivars were simulated: 
(1) NiF8 (baseline, conventional yield and high sucrose),  
(2) KY01-2044 (high-yield, high-fiber), and 
(3) Haru-no-Ougi (high-yield, moderate-high sucrose). 

Agronomic input coefficients were derived from 
field trials in Kyushu, Japan, adjusted for energy and 
emissions factors based on the Japanese LCA database 
IDEA v3.5.1. [9]. Table 1 summarizes the cane yield and 
composition of the three cultivars used as primary inputs 
for the simulations. 

Table 1: Yield and compositional characteristics of sug-
arcane cultivars (NiF8, KY01-2044, and Haru-no-Ougi). 

 NiF KY- Haru-no-Ougi 
 Conventional High-yield High-yield 
Yield[t/ha]    
Sucrose[%]    
Glc & Fru[%]    
Fiber[%]    

The model assumes that all cultivars are cultivated 
under identical management practices to isolate genetic 
and compositional effects. Fertilizer rates were 150, 60, 
and 180 kg ha⁻¹ for N, P₂O₅, and K₂O, respectively. Diesel 
fuel for agricultural machinery was set at 45 L ha⁻¹, and 
irrigation energy was assumed negligible under rain-fed 
conditions [7, 8]. 

Industrial Process Model 
 The industrial model simulates two process config-

urations: (a) Conventional Process – sugar crystallization 
followed by molasses fermentation; (b) Inversion Process 
– selective fermentation of reducing sugars before su-
crose crystallization [3]. Mass and energy balances were 
solved across clarification, crystallization, fermentation, 
distillation, and cogeneration units. Steam and power de-
mands were met through bagasse combustion in high-
pressure boilers (boiler efficiency: 90%). Surplus electric-
ity was exported to the grid. Fermentation efficiency was 
fixed at 85%, and sucrose crystallization recovery at 95%. 

 In the Inversion Process, glucose and fructose—
natural inhibitors of sucrose crystallization—were selec-
tively fermented to ethanol prior to crystallization using 
an invertase-defective yeast [5, 6]. This configuration 
improved energy balance and ethanol yield without sac-
rificing sugar quality. Figure 2 schematically compares 
the Conventional Process and the Inversion Process con-
figurations considered in this study. 

Life Cycle Assessment (LCA) 
The environmental impact model calculates life cy-

cle greenhouse-gas (LC-GHG) emissions on a cradle-to-
gate basis, focusing on emissions from sugarcane 

 
Figure 2. Process flow comparison between (A) the Conventional Process and (B) the Inversion Process for 
integrated sugar and ethanol production. 
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cultivation through industrial processing. The system 
boundary encompasses agricultural production, trans-
portation of sugarcane, and the production of sugar, eth-
anol, and electricity. The functional unit was defined as 
the “use of 1 ha of field.” Figure 3 shows the system 
boundary of the life cycle assessment. 

Input data included fertilizers, pesticides, compost, 
and fuel in agriculture, as well as materials, fuel, electric-
ity, and auxiliary chemicals in factory operations. Both di-
rect emissions from agricultural and industrial processes 
and indirect emissions associated with upstream produc-
tion of inputs were accounted for. Background inventory 
data were obtained from the Japanese LCA database 
IDEA v3.5.1. [9] 

Only the climate-change impact category was con-
sidered in this study. The greenhouse gases considered 
were CO₂, CH₄, and N₂O. Life cycle GHG emissions were 
calculated using 100-year global warming potentials 
(GWP100) from the IPCC Fourth Assessment Report (CO₂ 
= 1, CH₄ = 25, N₂O = 298) and expressed as LC-GHG 
emissions [kg CO₂ eq ha⁻¹] [10].  

RESULTS AND DISCUSSION 

Simulation Results on Productivity and Life 
Cycle GHG Emissions 

Four simulation cases were analyzed: 

(1) NiF8 – Conventional Process (baseline),  

(2) KY01-2044 – Conventional Process,  

(3) Haru-no-Ougi – Conventional Process, and  

(4) Haru-no-Ougi – Inversion Process. 

Figure 4 compares the production of sugar, ethanol, 
and electricity, as well as life cycle GHG emissions, 
across the four simulated scenarios. 

For Case (1), the baseline configuration using NiF8 
under the conventional process produced 8.3 t sugar ha⁻¹ 
and 0.35 kL ethanol ha⁻¹, with 348 kWh ha⁻¹ surplus 
power and LC-GHG emissions of 3.94 t CO₂ eq ha⁻¹. 

In Case (2), where the high-biomass cultivar KY01-
2044 was processed using the conventional process, 
ethanol production increased to 0.80 kL ha⁻¹ (+126%) and 
electricity generation to 469 kWh ha⁻¹, while LC-GHG 
emissions were reduced by approximately 11%. However, 
the lower sucrose content of this cultivar resulted in a re-
duced sugar yield of 7.5 t ha⁻¹, confirming the yield–com-
position trade-off. 

Case (3), corresponding to Haru-no-Ougi under the 
conventional process, achieved the highest sugar yield 
(11.4 t ha⁻¹) together with substantial ethanol co-produc-
tion (0.43 kL ha⁻¹) and 669 kWh ha⁻¹ surplus electricity, 
although total LC-GHG emissions were slightly higher 
(4.66 t CO₂ eq ha⁻¹) due to increased industrial energy 
demand. 

In Case (4), which combines Haru-no-Ougi with the 
Inversion Process, the system delivered 11.6 t sugar ha⁻¹ 
and 0.35 kL ethanol ha⁻¹ with complete energy self-suf-
ficiency and LC-GHG emissions of 4.47 t CO₂ eq ha⁻¹ (–
4% relative to Case (3)). When evaluated in energy-
equivalent terms (sugar + ethanol), productivity per hec-
tare increased by approximately 45% compared with the 
Case (1) baseline, demonstrating the synergistic benefit 
of integrating high-yield cultivars with process innova-
tion.

 
Figure 3. Life cycle assessment (LCA) system boundary for the integrated sugarcane-based agro-industrial 
system (cradle to gate). 
 



 

Ohara et al. / LAPSE:2026.0356 Syst Control Trans 5:1212-1218 (2026) 1216  

 

Figure 4. Comparison of sugar, ethanol, electricity 
production, and life cycle GHG emissions among four 
simulated scenarios. 

Discussion: Environmental Impact and 
Bagasse Utilization 

LC-GHG emissions ranged from 3.5 to 4.7 t CO₂ eq 
ha⁻¹ among the four cases. Improvements in the Inversion 
Process stem primarily from enhanced ethanol yield and 
efficient steam integration. The higher emissions in Haru-
no-Ougi–Conventional reflect the increased throughput 
and energy demand, but these are offset when normal-
ized per unit of energy-equivalent output. 

In this simulation, all surplus bagasse was assumed 
to be combusted in factory boilers for electricity genera-
tion. Alternative utilization routes, however, have been 
explored in previous studies using simulation-based ap-
proaches [11]. Corradini et al. clarified through process-
system simulation that torrefaction—a mild pyrolysis pro-
cess at 250–300 °C—can convert bagasse into a solid 
carbon-rich product with improved energy density and 
stability. Previous studies have also reported that biochar 
derived from thermochemical conversion can enhance 
soil fertility, improve water retention, and promote long-
term carbon sequestration when applied to agricultural 
fields [12, 13]. Although detailed calculations for torrefac-
tion-based bagasse recycling were not conducted in this 
study, these findings suggest that integrating such utili-
zation pathways could further reduce LC-GHG emissions 
through additional carbon storage and reduced upstream 
inputs.  

Overall, these results indicate that bagasse utiliza-
tion strategies play a critical role in determining the envi-
ronmental performance of sugarcane-based agro-indus-
trial systems. While electricity generation via direct com-
bustion represents a practical baseline configuration, 

simulation-based assessments highlight the potential of 
alternative pathways to support deeper decarbonization 
when integrated with agricultural and industrial system 
design.  

Discussion: Economic Evaluation and Multi-
Objective Assessment 

A simplified economic evaluation was conducted on 
a relative basis using representative unit prices of 100 
JPY kg⁻¹ for sugar, 70 JPY L⁻¹ for ethanol, and 15 JPY 
kWh⁻¹ for electricity. These values were applied consist-
ently across all cases to compare revenue structures on 
a per-hectare basis. The resulting relative economic per-
formance of the four cases, normalized to the Case (1) 
baseline, is summarized in Table 2. 

Table 2: Relative economic performance of the four sim-
ulated scenarios normalized to the Case (1) baseline. 

Case Cultivar 
& Process 

Sugar 
revenue 

Ethanol 
revenue 

Electricity 
revenue 

Total 
revenue 

() NiF & Conv     
() KY- 

& Conv     

() Haru-no-Ougi 
& Conv     

() Haru-no-Ougi 
& Inversion 
process 

    

 
In Case (2), based on the high-yield cultivar KY01-

2044, sugar production decreased compared with the 
baseline, while ethanol and electricity outputs increased 
substantially. This case represents a configuration that 
sacrifices sugar production in favor of fuel and energy 
generation. As summarized in Table 2, the total economic 
performance of Case (2) was approximately 5% lower 
than that of the Case (1) baseline, indicating that in-
creased fuel revenue did not fully compensate for re-
duced sugar output. 

In contrast, Cases (3) and (4), based on the high-
yield cultivar Haru-no-Ougi, achieved significantly higher 
sugar production together with increased electricity gen-
eration. These cases illustrate a configuration that bal-
ances sugar and power production rather than prioritizing 
fuel output. Table 2 shows that the total economic per-
formance increased by approximately 35–40% relative to 
the baseline, reflecting the combined effects of higher 
cane yield, improved sucrose recovery, and enhanced 
bagasse utilization. 

Case (4), which combines Haru-no-Ougi with the In-
version Process, further shifts the product balance to-
ward sugar maximization. Although ethanol production 
was slightly reduced due to decreased molasses for-
mation, this configuration achieved the highest overall 
economic performance among the four cases. 
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Rather than performing numerical optimization, the 
CAPE model was used to conduct a multi-objective as-
sessment of trade-offs among productivity, life cycle 
GHG emissions, and economic performance. This com-
parative evaluation demonstrates that scenarios inte-
grating Haru-no-Ougi with the Inversion Process achieve 
a balanced improvement across multiple performance in-
dicators, without sacrificing sugar productivity or envi-
ronmental performance. 

The results further demonstrate that multi-objective 
evaluation can effectively identify system-level syner-
gies even in the absence of formal optimization. By sim-
ultaneously considering agricultural yield, industrial out-
put, environmental impact, and economic implications, 
the CAPE framework provides a quantitative basis for in-
formed decision-making in agro-industrial system de-
sign. This approach is consistent with the “Design for 
Sustainability” concept proposed in the literature [14], 
which emphasizes the integrated evaluation of technical, 
economic, and environmental dimensions within a unified 
modeling framework. 

CONCLUSIONS 
This study developed a multi-objective CAPE-based 

simulation framework for integrated sugarcane-based 
agro-industrial systems. By coupling agricultural, indus-
trial, and environmental models, the framework enables 
system-wide comparative evaluation of productivity, en-
ergy performance, life cycle GHG emissions, and relative 
economic performance. 

Simulation results confirmed that combining the 
high-yield cultivar Haru-no-Ougi with the Inversion Pro-
cess increased total energy-equivalent productivity by 
approximately 40–45% relative to the conventional NiF8 
system. Life cycle GHG emissions were reduced by 4–
11%, while relative economic performance improved by 
up to approximately 40%, depending on the balance be-
tween sugar, ethanol, and electricity production. The 
case-by-case comparison clarified distinct system roles, 
ranging from fuel-oriented configurations to designs pri-
oritizing sugar maximization through improved sucrose 
recovery. 

Rather than relying on numerical optimization, this 
study demonstrated that multi-objective CAPE-based 
assessment can identify system-level synergies and sup-
port design choices aligned with regional priorities. Over-
all, the proposed framework illustrates how modelling 
and simulation can bridge crop breeding and process de-
sign, providing a quantitative basis for data-driven strat-
egies toward carbon-neutral and resource-efficient 
agro-industrial symbioses. 
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