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ABSTRACT 
 

In this work, a new MILP-based superstructure formulation is presented to determine an optimal 
biorefinery configuration, considering process selection and scale-up, and simultaneous utility selection 
and heat cascade integration. The formulation is used to study the integration of different biofuels 
production in a sugarcane biorefinery. The conventional ethanol production had the lowest payback, 
while methanol production by bagasse gasification, the lowest total annualized cost. The results 
indicated that heat integration is crucial to make bagasse available for biofuel production, improve 
biorefinery energy efficiency, and increase its revenues. Furthermore, the price of electricity can be seen 
as a bottleneck in integrating methanol production through the CO2 conversion route. 
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Introduction 
 

The production of biofuels in biorefineries is crucial for the development of a low-carbon 
economy. However, the industry is still small because of the low competitiveness of the products, 
necessitating the development of more efficient processes. Process heat integration is a tool that aims to 
identify heat exchange opportunities between processes to reduce CO2 emissions and fuel consumption, 
thus enhancing energy efficiency [1]. The development and optimisation of biorefineries using 
superstructures has grown. Employing Mixed Integer Linear Programming (MILP) methods, the 
superstructures are capable of systematically generating and evaluating all configurations that a set of 
processes can present. In literature, it is already possible to find works that implement energy integration 
methods in superstructures, as Celebi et al. [2], that proposed a multi-objective methodology to compare 
process in different conversion routes in a lignocellulosic biorefinery, and Gassner et al., [3] that 
optimized the lignocellulosic biomass conversion into liquid fuel.  Despite this, from the works found, 
the authors use a sequential approach to solving the superstructure when they include energy integration 
or aim to optimize the utility system, which can result in a high computational cost, in addition to non-
optimized configurations. Therefore, this work aims to present a new MILP-based superstructure 
formulation capable of performing process selection and scale adjustment simultaneously, in addition 
to energy integration and utility selection. It is used to assess the effects of integrating other biofuel 
production in a sugarcane biorefinery. 

 
Methodology 

 

The superstructure is made up of mass and energy balance constraints, based on the work of 
Kantor et al.[4], while the heat cascade constraints are based on Bagajewicz M. and Rodera [5]. The 
MILP formulation was developed and implemented through the LINGO software, and all the constraints 
are solved simultaneously, ensuring that a global optimum is obtained. 

 
 
 
 

DOI: 10.55592/ISE.2023.2718392 1



 

The International Symposium on Energy: Energy Transition, Green Hydrogen and Sustainable Industry 
22-23 November 2023 

 
A. Superstructure Mass Balance and Objective Function Formulation 

 
Each process in the superstructure has its scale divided into levels, which are intervals limited by 

a maximum and minimum value. Each of these levels ensures that scale adjustment occurs linearly 
within that range. The selection and scale adjustment of each process u, is carried out by equation (1), 
where CapMinu,l and CapMaxu,l are parameters that represent the maximum and minimum scale 
adjustment that a process can have in a certain level l, yu,l is a binary variable that represents the 
existence of that unit in that level, that assumes 1 if the unit is selected or 0 otherwise. Each process can 
only have up to one level selected. wlu,l is a continuous variable responsible for the process scale 
adjustment into that level, while wu  is a continuous variable that represents the scale adjustment for 
that process. The superstructure mass balance is performed by equation (3), where boughtr and soldr are 
continuous variables representing the quantity bought and sold of resource r, and fop is the time that this 
process operates in a year. IARu,r and OARu,r are the consumption and production of a resource r in a 
process u. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢,𝑙𝑙 . 𝑦𝑦𝑢𝑢,𝑙𝑙 ≤ 𝑤𝑤𝑤𝑤𝑢𝑢,𝑙𝑙 ≤ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑢𝑢,𝑙𝑙 . 𝑦𝑦𝑢𝑢,𝑙𝑙 (1) 

�𝑤𝑤𝑤𝑤𝑢𝑢,𝑙𝑙
𝑙𝑙

=  𝑤𝑤𝑢𝑢 (2) 

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑡𝑡𝑟𝑟 + �𝑂𝑂𝑂𝑂𝑂𝑂𝑢𝑢,𝑟𝑟𝑤𝑤𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓
𝑢𝑢

=  �𝐼𝐼𝐼𝐼𝐼𝐼𝑢𝑢,𝑟𝑟𝑤𝑤𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓
𝑢𝑢

+  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟 (3) 

 
The superstructure's objective function, stated in equation (4), aims to minimize the total 

annualized cost (TAC) by factoring in investment and resource acquisition expenses, along with 
revenues generated from carbon credits and resource commercialization, as presented by equation (5). 
Equation (6) provides the annualized investment cost of a unit u (AICu), where au,l and bu,l represents the 
variable and fixed cost, respectively, of a process u presents in a level l. Equations (7) and (8) are used 
to calculate cost and revenue with resource r, where ResCostr and MPr represent the cost and market 
price of resource r, respectively. Carbon credit revenue is calculated by equation (9), which considers 
the amount of CO2 emitted and avoided by a given resource, denoted as EmittedCO2r and AvoidedCO2r 
respectively. CarbVal represents the carbon credit market price. 

 
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  min𝑇𝑇𝑇𝑇𝑇𝑇 (4) 

𝑇𝑇𝑇𝑇𝑇𝑇 =  �𝐴𝐴𝐴𝐴𝐴𝐴𝑢𝑢
𝑢𝑢

+ �𝑅𝑅𝑅𝑅𝑟𝑟
𝑟𝑟

−�𝑃𝑃𝑃𝑃𝑟𝑟
𝑟𝑟

− 𝐶𝐶𝐶𝐶 (5) 

𝐴𝐴𝐴𝐴𝐴𝐴𝑢𝑢 =  �(𝑎𝑎𝑢𝑢,𝑙𝑙𝑤𝑤𝑤𝑤𝑢𝑢,𝑙𝑙 + 𝑏𝑏𝑢𝑢,𝑙𝑙  𝑦𝑦𝑢𝑢,𝑙𝑙).𝐴𝐴𝐴𝐴. (𝑀𝑀𝑀𝑀 + 𝑂𝑂𝐶𝐶 + 𝐿𝐿𝐿𝐿)
𝑙𝑙

 (6) 

𝑅𝑅𝑅𝑅𝑟𝑟 =  𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵ℎ𝑡𝑡𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟      (7) 

𝑃𝑃𝑃𝑃𝑟𝑟 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑀𝑀𝑀𝑀𝑟𝑟 (8) 

𝐶𝐶𝐶𝐶 = ��𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2𝑟𝑟
𝑟𝑟

−�𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵ℎ𝑡𝑡𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸2𝑟𝑟
𝑟𝑟

� 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (9) 

 
B. Heat cascade integration and utility selection 
 

Utility selection constraints identify the stage in a heat cascade at which a utility can supply heat 
and is limited to its quantity demanded. For that, the method considers the inlet and outlet temperatures 
of each stage, as well as the utility temperature. Likewise, energy integration constraints between 
cascades identify temperature ranges in which two processes can exchange heat. This region is limited 
to the cascade stages located between the pinch temperatures of each process. The amount of  
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thermal energy that a process can receive, whether in the form of utility or through integration with other 
processes, is determined by equation (10), where MERu is the Minimum Energy Requirement of an 
process, and UFu is its cold utility consumption. Qinu and Qoutu are the heat received and donated to 
others process by heat cascade integration, while Qutut,u is the energy consumed as utility. 

 
𝑤𝑤𝑢𝑢𝑀𝑀𝑀𝑀𝑀𝑀𝑢𝑢 = �𝑄𝑄𝑄𝑄𝑄𝑄𝑢𝑢𝑢𝑢,u

𝑢𝑢𝑢𝑢

+  𝑄𝑄𝑄𝑄𝑄𝑄𝑢𝑢 (10) 

𝑤𝑤𝑢𝑢𝑈𝑈𝑈𝑈𝑢𝑢 = �𝑄𝑄𝑄𝑄𝑄𝑄𝑢𝑢𝑢𝑢,u
𝑢𝑢𝑢𝑢

+  𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑢𝑢  

 
 
Case study 
 

The presented formulation was used to evaluate the impact of different biofuels production in a 
sugarcane biorefinery. In this sense, different processes were included into the biorefinery as black-box 
models. Five different cases were considered and presented in Table 1. The first case aims to represent 
the conventional distillery, while case 2 evaluates the integration of vinasse biodigestion with 
biomethane production. Case 3 e 4 evaluates the methanol production by bagasse gasification integrated 
to methanol production, and Carbon Dioxide Catalytic Hydrogenation process, respectively. The last 
considers the CO2 produced during the juice fermentation process. Case 5 evaluates the integration of 
the methanol catalytic dehydration process, which converts methanol to DME. 
 

Table 1 – Cases and its evaluated routes. 

Case Biofuel Route Source 
1 Ethanol Destillery [6] 
2 Methane Vinasse Biodigestion [7] 
3 Methanol Bagasse Gasification [8] 
4 Methanol Carbon Dioxide Catalytic Hydrogenation (CCH) [9], [10] 
5 DME Methanol Catalytic Dehydratation (MCD) [8] 

 
For utilities production, three cogeneration systems were considered, producing saturated steam 

at 2.2, 6 and 9 bar pressure, and electricity. EES software was used to model these systems, using bagasse 
as fuel and assuming a cogeneration efficiency of 85%. Alkaline electrolysis was used to produce 
hydrogen (H2), as required in case 4. Furthermore, the generation of electricity by a system of 
photovoltaic solar panels was considered and an availability of 2,640,000 tons of sugar cane. For the 
sale of carbon credits, the price of $ 65.00. Figure 2 shows the processes included in the superstructure. 

 

Figure 1 – Representation of the process included in the superstructure. 
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Results 
 

With the superstructure solution for each case, it was possible to calculate the payback and energy 
efficiency of each case, as shown in the Table 2. For case 1, the configuration presented is close to a 
conventional distillery in Brazil, with a cogeneration system that produces saturated steam at 6 bar. In 
this case, surplus bagasse is sent to a bagasse powerplant, which sells surplus electricity. In case 2, the 
vinasse biodigestion process, resulted in a TAC reduction and energy efficiency improvement. As the 
biofuel production is increased, its revenues and energy production also increase, improving its energy 
efficiency. In case 3, the joint production of methanol and ethanol considerably increased the energy 
efficiency of the biorefinery while also increasing the payback. Despite the greater investments required, 
the bagasse gasification process uses a large amount of heat for energy integration, to meet its own 
demands and those of the biorefinery. In this way, all the bagasse generated can be transferred to 
gasification without compromising the heat supply to the processes. To meet electricity consumption, 
the biorefinery used a photovoltaic panel system to generate electricity. Initially, methanol production 
via the CCH route in case 4 proved to be unfeasible. By forcing production through this route to consume 
all the carbon dioxide released by the distillery, the biorefinery presented a TAC of 6,503x107 and a 
payback of -18.26 years. When biorefinery expenses were evaluated, a high cost associated with 
hydrogen production was observed, mainly related to its high electricity consumption. To verify the cost 
impact associated with hydrogen production, it was considered that the biorefinery could import green 
hydrogen at a cost of 3.5$/kg. As a result, the biorefinery presented a TAC of -1,329x107 $.year-1 and 
an energy efficiency of 56.12%, suggesting that cheaper electricity, in order to reduce the cost of 
hydrogen production, may have a great positive impact on the energy efficiency of sugarcane 
biorefineries, due to the increase in biofuel production, as well as on their economic viability. In Case 
5, for DME to be produced, it was necessary for the biorefinery to also produce methanol. In this sense, 
the bagasse gasification unit was activated, acting both in the production of methanol and in the supply 
of heat for other processes, justifying the increase in the biorefinery's payback. It is also possible to 
observe an increase in the energy efficiency of the biorefinery, when compared to case 3, indicating that 
the conversion of methanol into DME has a greater efficiency than gasification. In the same way as in 
case 3, as all bagasse is destined for the gasification process, the biorefinery has a system of photovoltaic 
panels to generate the electricity consumed. Of the evaluated cases, the one with the lowest payback 
value was ethanol production. Despite this, methanol production proved to be the most advantageous 
because of its lower TAC. Regarding the energy aspect, in the cases where energy integration was 
carried out, much greater energy efficiency was achieved, given that in these cases, bagasse was no 
longer used as a fuel to supply energy, but instead began to be used to produce biofuel. 

 
 

Table 2 – Main results obtained for the evaluated cases. 

Parameter Case 1 Case 2 Case 3 Case 4 Case 5 
TAC [$/year] -7,197x107 -7,230x107 -7,357x107 6.503x107 -7,224x107 
Payback [year] 3,25 3,37 4,27 -18,26 4,42 
Energy 
Efficiency 39,5% 42,5% 66,7% 56,12% 67,5% 

 
 

Conclusions 
 

The aim of this work was to present a superstructure formulation for optimising biorefineries, 
capable of selecting and adjusting the scale of processes, simultaneously selecting utilities, and 
integrating energy between cascades. With the realisation of the cases, the effectiveness of the presented 
formulation was verified. In addition, it was possible to verify that of the routes evaluated, the one with 
the lowest PayBack was the production of ethanol by the distillery, but the one that proved to be most 
advantageous was the production of methanol by gasification of bagasse, as it had the lowest TAC. The 
results obtained show that methanol production via the CCH route is not feasible and that this is related  
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to the high costs of producing H2, thus suggesting that reducing these costs could have a positive impact 
on the energy efficiency of the biorefinery. It was also possible to verify the positive impact of energy 
integration between cascades in the biorefinery, both in economic and energy terms. 
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