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Abstract: The African palm is the main source of vegetable oil worldwide, representing about
29.60% of the total oil and fat production around the world. The rapid expansion of this sector has
faced several concerns related to environmental and social aspects that have driven the search for
sustainable alternatives. In this work, the inherent safety analysis and sustainability evaluation for
the crude palm oil production process was performed using the inherent safety index (ISI) method
and the sustainable weighted return on investment metric (SWROIM), respectively. The process was
designed for a processing capacity of 30 t/h of palm bunches and under North-Colombian conditions.
Three technical indicators were considered to evaluate the process sustainability including exergy
efficiency, potential environmental impacts output (PEI output), and the total inherent safety index
(ITI). The economic factor is directly considered since the SWROIM is an extension of the conventional
return on investment (ROI). The resulting ITI at 11 indicated an inherently safe process, and the
highest risk was observed for the process equipment safety subindex. The SWROIM reached a
higher value (53%) compared to the conventional ROI (49.39%), which suggests positive impacts
on sustainability. The novelty of this work lies in detecting the inherent risks and providing a
decision making criteria for this project through a complete evaluation that relates economic, energy,
environmental, and safety criteria.

Keywords: SWROIM; ROI; exergy efficiency; risks; African palm

1. Introduction

The African palm is the main source of vegetable oil worldwide, representing about
29.60% of the total oil and fat production around the world [1]. Consumption of crude
palm oil reached 60,095 million tons by 2015 [2]. This consumption rate is related to its
versatility, high productivity, and lower production cost. Indonesia (10,830,000 ha) and
Malaysia (5,150,000 ha) are the countries with the largest production with approximately
78% of the global production area, while Colombia is the fifth-largest crude palm oil
producer in the world and the first in Latin America with 2.30% of the global production
area (465,000 ha) [3]. These plantations are located in four main regions of Colombia: north,
center, east, and southwest [4]; however, the largest planted area occurs in the north of the
country, accounting for 29% of total area [5]. The crude palm oil production represents an
important economic activity for the socio-economic growth of the country [6]. Palm oil
production has increased in recent years, driven by the demands from developing countries
such as China, India, and Brazil [7]. An increase in African palm planted area to 2 million
hectares is also expected in the coming years [8]. The rapid expansion of this sector has
led to several environmental and social concerns such as greenhouse gas emission, waste
generation, deforestation, biodiversity, and soil quality loss and land-use change [9].
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The development of sustainable alternatives for palm industry has become a priority.
Several works have been addressed to evaluate economic, energy, environmental, and social
aspects of these bioenergy systems and identify improvement opportunities. For example,
Gonzalez-Delgado and Peralta-Ruiz [10] carried out an environmental analysis using the
Waste Reduction Algorithm (WAR) to quantify the rate of emission and generation of
environmental impacts in the crude palm oil production. Martinez et al. [11] performed
the exergy analysis to identify the main sinks of energy and process inefficiency; while
Gonzalez-Delgado and Peralta-Ruiz [12] developed the techno-economic evaluation to
determine the profitability of the process. Other studies addressed to evaluate the crude
palm oil production are presented in Table 1.

Table 1. Recent works addressing bioenergy systems in the oil palm industry.

Case Study Location Purpose Method Relevant Results Reference

Oil palm
supply chain Malasia Analyze the water

footprint (WFP)

Water accounting and
vulnerability evaluation

(WAVE)

33% reduction in
WFP when there was
no dilution at the mill

Subramaniam
et al. [13]

Crude palm
oil production Colombia

Determine greenhouse
gas emissions and

economic profitability

Life-cycle assessment
and economic analysis

Net energy gain =
12.5, 13.7

Internal Rate of
Return = 34%, 43%

Ramirez-
Contreras
et al. [9]

Crude palm oil
production Colombia Analyze potential

process hazards
Hazard Identification
and Ranking (HIRA)

Fire and Explosion
Damage Index = 400

Moreno-Sader
et al. [14]

Crude palm and
kernel oil

production
Colombia

Quantify potential
environmental
impacts (PEI)

Waste Reduction
(WAR) Algorithm

Output rate of PEI =
1.66 × 10−4 PEI/h

Alvarez-Cordero
et al. [15]

Oil palm
supply chain Brazil Evaluate process

sustainability
Life-cycle assessment,

Socio economic analysis
Bluewater footprint =

6.8/L oil
Munasinghe

et al. [16]
Crude palm oil

production Brazil Perform greenhouse
gas (GHG) balance Life-cycle assessment GHG = −208 kg CO2-

equiv./1000 kg palm
Oliveira
et al. [17]

In this work, an inherent safety analysis and sustainability evaluation is performed
for a crude palm oil production process under North Colombian conditions. The inherent
safety analysis allows us to avoid hazards by reducing dangerous material and the num-
ber of hazardous operations in the plant [18], while sustainability evaluation allows the
complete analysis of the process including economic, environmental, safety, and energy
criteria. San Juan et al. [19] performed the inherent safety for a bioethanol production
process, while Meramo et al. [20] for a levulinic acid production process; in both cases, the
processes showed good performance from a safety point of view. The sustainable weighted
return on investment metric was used by Meramo-Hurtado et al. [21] to carry out the
sustainability assessment of a lignocellulosic multifeedstock and to compare biobutanol
production pathways via acetone–butanol–ethanol fermentation. A higher process perfor-
mance of this system was observed by the authors using the SWROIM metric. The novelty
of this work lies in detecting the inherent risks and determining the sustainability of the
process through a complete evaluation that relates economic, energy, environmental, and
safety criteria.

2. Materials and Methods

The methodology performed in this study encompasses the safety analysis and the
sustainability evaluation for a crude palm oil production process under North-Colombian
conditions. The inherent safety analysis was performed using the inherent safety index
(ISI) methodology; while the sustainable weighted return on investment metric (SWROIM)
was used as the tool to perform the sustainability evaluation. The criteria considered to
evaluate the sustainability of the process were economic, environmental, energy, and safety.
The technical indicators to evaluate the sustainability of the process included the exergy
efficiency, potential environmental impacts output (PEI output), and the total inherent
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safety index (ITI). The economic factor was included directly in the SWROIM and was
evaluated through the return on investment (ROI). The ROI, the exergy efficiency, and
the PEI output were gathered from the techno-economic evaluation, exergy analysis, and
environmental analysis previously performed by Gonzalez-Delgado and Peralta-Ruiz [12],
Martinez et al. [11], and Gonzalez- Delgado and Peralta-Ruiz [10], respectively. The process
and methodology used for the evaluations are described below.

2.1. Process Description

The process was modeled using as reference two extraction plants of crude palm
oil located in Bolivar and Cesar departments in North Colombia and complementary
data reported in the literature [22]. The processing of palm fruit into crude palm oil
involves five basic operations: sterilization, threshing, fruit digestion, oil extraction, and oil
purification [23], as shown in Figure 1. The African palm bunch (30 t/h) is sterilized by the
action of saturated steam to avoid the effect of the enzyme lipase on the free fatty acids and
to hydrolyze the palm rachis to soften the pulp tissues [15]. From the sterilization stage,
the sterilized bunch, condensed water, and steam leave the system. Then, the sterilized
bunches are sent to the threshing stage where the fruits are separated from the rachis by
a rotating drum of 5 kW power. The rachis is discarded while the fruits are reheated in
the digestion stage to facilitate the expulsion of the oil. The digestion equipment power
is 10.5 kW. The digested fruits are pressed by a horizontal perforated basket cylindrical
shape, where a liquor containing a large amount of oil is extracted. Subsequently, water is
added to the liquor to facilitate oil separation and purification. In the clarification stage,
up to 90% of the oil is separated and sent to a drying process. The heavy sludge from the
clarification goes to the centrifugation step where 10% of the oil is recovered; the water and
heavy sludge from this stage leave the process, while the recovered oil is recirculated to
the clarification stage. In the drying stage, the percentage of moisture and impurities still
contained in the oil is reduced to the maximum; due to the high temperature at which the
oil leaves, this drying is performed under vacuum conditions, the pressure of the stream is
reduced and causes the remaining water to evaporate. The vacuum dryer power is 15 kW.
Finally, the dry palm oil is sent to its respective storage.
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Figure 1. Process diagram for crude palm oil production.
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2.2. Inherent Safety Analysis

The safety analysis for the palm oil production process was developed and applied
the ISI methodology based on the calculation of the total inherent safety index (ITI). The
ITI was calculated by Equation (1) as the sum of the chemical safety index (ICI) and the
process inherent safety index (IPI) [21]. A value of ITI higher than 24 for a process indicates
that it is inherently unsafe, while lower values indicate that it is inherently safe [18].
Additionally, to determine the total inherent safety index, the worst-case scenario that may
arise is evaluated.

ITI = ICI + IPI (1)

The chemical safety index is determined as shown in Equation (2) from the estimation
of parameters associated with the nature of the chemical compounds involved in the
process, while the process inherent safety index includes process variables as calculated by
Equation (3). The information for the calculation of each subindex is presented in Table 2.

ICI = IRM,max + IRS,max + IINT,max + (IFL + IEX + ITOX)max + ICOR,max (2)

IPI = II + IT,max + IP,max + IEQ,max + IST,max (3)

Table 2. Symbols and description for inherent safety subindices, adapted from [18].

Inherent Safety
Subindices Symbol Description Score

Chemical
reactivity

IRM,max
IRS,max

Determined as the heat releases from the reactions that
take place within the process (primary and side) 0–4

Chemical
interaction IINT,max

Determined considering the nondesired reactions,
which occur between the chemical species and

equipment materials
0–4

Flammability IFL Determined based on the flashpoint of the chemicals 0–4

Explosiveness IEX
Determined based on the explosion limits of

the chemicals 0–4

Toxic exposure ITOX Determined based on the toxicity of each chemical 0–6

Corrosiveness ICOR,max
Determined based on the material selected for the

construction of the equipment 0–2

Inventory II
Determined according to the mass contained in the

equipment for a retention time of 1 h 0–5

Process
temperature IT,max

Determined based on the maximum temperature
registered in the process 0–4

Process pressure IP,max
Determined based on the maximum pressure

registered in the process 0–4

Equipment safety IEQ,max Determined to evaluate the equipment in the process 0–3
Safe process

structure IST,max
Determined according to information related to

accidents presented previously in the plant 0–5

2.3. Sustainability Evaluation

To determine the sustainable performance of the crude palm oil production process,
the approach proposed in this study involves economic, environmental, energy, and
safety parameters. The sustainable weighted return on investment metrics (SWROIM)
is used to determine a single value that shows the overall sustainability performance
of the process [24]. The calculation of this parameter follows the expression shown in
Equations (4) and (5).

SWROIM =
ASP
TCI

(4)

ASP = AEP

1 +
Nindicators

∑
i=1

wi

(
Indicatori

Indicatori
Target

) (5)
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TCI is the total capital investment, AEP the annual net profit of the project, wi is
the weighting factors of sustainability indicator i, Indicatori and Indicatori

Target are the
current and target values of sustainability indicator i, respectively. The assignation of the
values for wi depends on the priority of the decision makers [24]. A value wi = 1 for the
weighting factor means that the parameter has the same relevance for the designer as the
AEP; values below 1 are related to lower relevance, while values above 1 imply higher
relevance. Among the advantages of this metric is the simplicity to estimate contributions
of indicators to the economic performance of the system; however, the weighting factor
may affect the objectivity of this approach. The indicators included in the sustainability
evaluation of the palm oil production process are described as follows.

2.4. Economic Indicators

The techno-economic evaluation is used as a tool to determine the profitability of
projects. Primary costs are evaluated as the sum of the total capital investment (TCI) and
operating costs (OC) [25]. The total capital investment refers to the money needed for
the purchase and installation of the plant [26]; while the operating costs are the money
needed to maintain the operation of the plant. Return on investment is an economic
indicator widely used to evaluate the profitability of engineering projects. It is defined by
Equation (6) as the ratio between annual profit (after taxes) and total capital investment.

%ROI =
Annual pro f it

TCI
× 100 (6)

2.5. Exergy Indicators

Exergy is defined as the maximum theoretical work that can be performed from the
interaction between a thermodynamic system and a reference environment [27]. Exergy
indicates the energy quality [28], and in any chemical process, exergy is destroyed by
irreversibilities. Exergy analysis allows the quantification of the thermodynamic irre-
versibilities of a process [29]; therefore, it is a useful tool to diagnose chemical operations,
identifying the critical stages that contribute most to exergy destruction [30].

Exergy efficiency
(
ηexergy

)
is a measure of process performance in terms of exergy flow

as indicated in Equation (7), where
.
Extotal, in is the total inlet exergy flow and

.
Exdestroyed

is the total exergy destroyed. Irreversibilities or exergy destroyed are calculated as the
difference of the total inlet and total outlet product exergy flow. The exergy efficiency can
be calculated for a section or unit of a chemical process [31].

ηexergy = 1 −
( .

Exdestroyed
.
Extotal, in

)
(7)

2.6. Environmental Indicators

The environmental assessment allows the evaluation of chemical processes to de-
termine the possible environmental impacts and to propose solutions for sustainable
development [32]. The Waste Reduction Algorithm (WAR) is a tool for evaluating the envi-
ronmental performance of chemical processes [33]. The pondered sum of all impacts allows
calculating a final value that measures the Potential Environmental Impact (PEI) [34]. This
index is considered from two points of view, PEI output and PEI generated. The PEI output
measures the environmental effects that the process emits and its main use to improve the
capacity of the process to obtain final products with a minimum discharge of potential
environmental impact [35]. Equation (8) shows the expression to calculate the total output
rate of PEI on the mass of the product basis.

Iout
(t) =

Iin
(cp) + Igen

(cp)

∑a Kk
=

∑i αi ∑
cp
j Mj

(out) ∑
cp
a XaΨa + ∑

ep−g
j Mj

(out) ∑
ep−g
a XaΨa

∑k Kk
(8)
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where Iout
(cp) is the PEI output rates for the chemical process; Iin

(cp) and Igen
(cp) are the

total inlet rate of PEI and the total generation of PEI, respectively. Mj is the mass flow of
the stream j; Xa is the mass fraction of a component an in the stream j; Ψk is the overall
potential environmental impact of substance a.

Additionally, to determine the degree of improvement in environmental performance
or percentage reduction in environmental impacts between a base case or base process and
the environmentally improved process, Equation (9) is followed.

%R PEIoutput =

((
PEIoutput

)
max −

(
PEIoutput

)
i(

PEIoutput
)

max

)
× 100% (9)

where (PEIoutput)max is the PEI output for the base process and (PEIoutput)i is PEI output
for the environmentally improved process.

3. Results
3.1. Inherent Safety Analysis
3.1.1. Chemical Inherent Safety Index

The results for the chemical safety index (ICI) are presented in Figure 2. In the crude
palm oil extraction process, no reaction took place, thus the chemical reactivity subindex
was null. The subindices of dangerous chemical substance (IFL + IEX + ITOX)max and
chemical interaction (IINT,max) were calculated with information from the safety data sheet
of the components. The subindex of dangerous chemical substance was estimated at 1
according to the fatty acids of palm oil are only combustible (flash point > 55 ◦C). The most
dangerous chemical interaction is represented by the formation of nonflammable vapors,
hence a score of 1 was assigned. Furthermore, the substances present in the process are not
corrosive; therefore, no special material is required for the construction of the equipment
and a score equal to 0 is assigned for the corrosion subindex. The inherent chemical safety
index was estimated at 2.
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3.1.2. Process Inherent Safety Index

The results for the process safety index (IPI) are shown in Figure 3. To calculate the
process safety index, the risk associated with the operating conditions, type of equipment,
structures, and inventory was evaluated. The feedstock for the crude palm oil extraction
process was estimated at approximately 134 t/h; thus, the assigned score for the inventory
subindex was 3. The temperature and pressure subindices were determined according
to the maximum temperature and pressure registered in the processes. The maximum
temperature was registered in the digestion stage (95 ◦C); therefore, a score of 1 was
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assigned. The most critical pressures were reported in the oil dryer operating under
vacuum conditions and in the steam streams that enter the sterilization and digestion
stages at a pressure of 440 kPa. However, it was considered that the pressures do not
represent any risk; therefore, the value of the pressure subindex is zero.

Another important factor in process safety is associated with the reliability of the
equipment. The process equipment safety index was assigned a score of 4 as the most
unsafe equipment in the process was the boiler and dryer. Finally, the safe structure
subindex refers to the process safety from the engineering viewpoint; the crude palm oil
production is a process already implemented; therefore, it is considered as a “common
practice in engineering”; hence, it was assigned a score of 1. The process safety index was
calculated at 9.
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3.1.3. Total Inherent Safety Index

The total inherent safety index for the crude oil production process was 11, as pre-
sented in Table 3.

Table 3. Total inherent safety index.

Index Score

ICI 2
IPI 9
ITI 11

3.2. Sustainability Evaluation

The economic indicator (ROI) for this process was obtained from the techno-economic
analysis performed by Gonzalez Delgado [12]. The techno-economic evaluation was
carried out using the same processing capacity presented in this study (30 t/y) for an
annual production of 54,056 tons of crude palm oil. It was considered as a salvage value
10% of the fixed capital investment, 2 years for the construction of the plant, tax rate equal
to 39%, a discount rate of 9%, useful life of the plant of 15 years, soft clay as a type of
soil, 13 workers per shift with salaries of 30 USD/h, and contingency percentage of 20%,
according to the context of the economy in Colombia. The key results are presented in
Figure 4. The ROI of 49.30% indicated that the project is economically attractive.
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The total PEI output was obtained from the environmental analysis carried out by
González-Delgado and Peralta-Ruiz [10]. Considerations for the assessment included the
evaluation of four cases: case 1 without taking into account the energy and product stream
contributions, case 2, case 3, and case 4 considering the product stream, process energy, and
the amount of energy and product stream, respectively. The results are presented in Figure 6.
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The value assigned for the safety parameter weighting factor (wi = 1) was established
considering that the risks associated with the process can put at risk the production, the
facilities, the integrity of the personnel working in the plant, and the well-being of the
neighboring communities [21]. Therefore, the process safety aspect must be maximal and
equally relevant to the economic factor. A dangerous project affects the economy and the
sustainability of the project; therefore, the safety indicator was established as negative
in the SWROIM calculation. The weighting factor for the energy indicator (wi = 1) was
established considering the importance of energy consumption in the sustainability of
processes. Finally, regarding the damage that the processes can produce to the environment
and the commitments acquired by Colombia in terms of conservation and environmen-
tal protection, the environmental weighting factor (wi = 1) was established as being of
maximum relevance. In summary, for this project, the safety, energy, and environmental
parameters were considered with the same relevance as the economic factor within the
sustainability concept.

The application of SWROIM requires the definition of target indicators (indicatortarget)
for each technical parameter. Furthermore, it needs the corresponding quantities of these
parameters showing current process performance (indicatori). The objective for the safety
parameter was established equal to the current performance, according to the consideration
that a process is safe in terms of inherent risks when the ITI is lower than 24. In this case, the
process has a safe performance; hence, it is not necessary to establish an objective value. For
the energy parameter, the exergy efficiency of 100% was set as a target. The environmental
targets are set according to the recommendation made by El-Halwagi [36], which suggests
that comparative process techniques allow the targets of sustainability indicators to be
established, taking into account the best results. Therefore, the indicator target is taken
considering the maximum reduction in the output potential environmental impacts; for
this work, a reduction of 50% of the output PEI was considered as the indicator target.
The values for the weighting factors, indicators, and objective indicators are summarized
in Table 4.

Table 4. Corresponding parameters, indicators, and the weighting factor for each technical parameter.

Aspect Index indicatori indicatortarget wi

Safety Total inherent safety index (ITI) 11 11 1
Energy Exergy efficiency 59% 100% 1

Environmental (%R PEIoutput) 24% 50% 1

The sustainability evaluation for the crude palm oil production process shows a 53%
return, which is higher than the value obtained for the return on investment (49.30%).
Furthermore, a sensitivity analysis was performed for the SWROIM changing the value
considered for the technical parameter weighting factor to analyze the importance of each
factor on the sustainability weighted return on investment metric. Three case studies were
considered: the first case where the economic and energy aspects had the same relevance
(wi = 1) while the environmental and safety parameter value of 0.5. A second case where
the environmental factor was of equal relevance to the economic parameter (wi = 1), and a
third case where the technical factor of safety had equal relevance to the economic factor
(wi = 1). The results are presented in Figure 7.
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4. Discussion

The chemical inherent safety index equal to 2 suggested that no highly dangerous
substances are handled within the process in terms of toxicity, explosiveness, and flamma-
bility. This finding was compared with the results of inherent safety analysis reported in
the literature for oil palm-based processes. Sanjuan et al. [19] reported an ICI of 18 for the
production of bioethanol from palm raquis, which was attributed to the high value of index
for heat of reactions, followed by flammability indicator. The extraction of crude palm oil
reached lower CSI because of the nature of substances handled, which were less flammable,
and the absence of reactions.

The process safety index shown in Figure 3 reached a value of 9, higher than the
reported for bioethanol from rachis (5). The conditions that most affect the process safety
are the high inventory and the safety of the equipment. Particularly, operation of unsafe
equipment such as boiler and dryer supports this finding. Moreno-Sader et al. [14] also
stated potential risks of fire and explosion in the boiler of CPO extraction systems, which
could occur due to brittle failures, low water levels, excessive pressure, among others. The
result reveals that crude palm oil extraction is an inherently safe process. The process safety
index is higher than the chemical safety index, showing that the operating conditions are
more critical. A comparison of the total inherent safety index achieved in a similar process
shows that palm oil production has better performance from the safety point of view. The
bioethanol production from palm rachis reported an ITI = 23 [19]; while a process for the
production of levulinic acid reached an ITI = 24 [20]. The latter processes have exothermic
chemical reactions and flammable solvents that contribute to the higher total inherent safety
index compared to the CPO extraction. In general, the inherent safety analysis results suggest
monitoring the oil drying oven and boiler operation to avoid any abnormal conditions.

Regarding the sustainability performance of the bioenergy system from palm oil, the
economic dimension with ROI = 49.30% revealed promising profitability compared to other
processes with lower return on investment. The CPO extraction system is higher than
the minimum threshold value of 10% considered by different companies as reference [24].
Xuan Do et al. [37] reported lower ROI values of 4.59–21.69% for three energy conversion
pathways from empty fruit bunches that included bioethanol production, gasification, and
fast pyrolysis.

The overall exergy efficiency at 59% indicates that the process is efficient from an en-
ergy point of view. Lower exergy destruction is observed for this system compared to other
bioenergy processes such as bio-oil production from microalgae and lignocellulosic feed-
stocks. For example, Moreno-Sader et al. [38] evaluated the exergy performance of crude
oil from Chlorella sp. microalge and reached an efficiency of 24%. Gozmen Şanli et al. [39]
reached exergy efficiencies ranging from 32.50% to 33.64% for a diesel engine using
biodiesel from palm and opium poppy.

The total PEI output for crude palm oil production was higher for cases 2 and 4
(4.61 × 10−1 and 4.61 × 10−1, respectively) compared to cases 1 and 3 (3.50 × 10−1 and
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3.50 × 10−1, respectively). The findings reveal that in the four cases the process does not
emit a large number of environmental impacts and, therefore, has a good environmental
performance. The environmental performance of the process achieved an improvement of
24% without considering contribution of the product stream on the emission of potential
environmental impacts. Alvarez-Cordero et al. [15] reported environmental impacts of
1.66 × 10−4 PEI/h for the dual production of CPO and kernel oil. Moreno-Sader et al. [38]
reached values above 3.00 × 104 PEI/h for lignocellulosic bio-oil production.

The results shown in Figure 7 reveal that the energetic technical parameter is the
most determined in the SWROIM result, considering the economic and energy factor of
equal relevance, the highest value for the SWROIM is obtained (66%). Hence, optimization
strategies to reduce exergy losses must be included mainly. On the other hand, the safety
indicator showed to be the weakest determinant on SWROIM, given that the current
conditions are already safe. For future studies, other essential parameters can be considered
concerning process characteristics and model objectives to allow a broader sustainability
analysis. This result might mean that the evaluated technical parameters had positive effects
that yield the economic performance of the plant. Notably, there is a positive contribution
associated with the reduction in total PEI output and the increase in exergy efficiency.
Additionally, this result compared to the SWROIM reported a lignocellulosic multifeedstock
biorefinery where the same technical parameters are evaluated (27.29%); in [21], it is
revealed that the crude palm oil production plant presents more sustainable performance.

5. Conclusions

In this study, the inherent safety analysis and sustainability evaluation for the crude
palm oil production process with a scenario in North Colombia was performed. From
the results obtained, it can be concluded that the process is inherently safe. The highest
risk was found in the drying stage; hence, it is recommended to monitor the operation
of the dryer. Furthermore, the risk associated with the chemicals involved in the process
was determined as negligible. The process is sustainable according to the SWROIM
showed a yield of 53% which reveals that the technical parameters evaluated have a
positive effect on the return on investment of the process. The energy parameter was the
most determinant in this result with positive contributions associated with the increase
in exergy efficiency. For future studies, other essential parameters could be considered
concerning process characteristics and model objectives to allow a broader sustainability
analysis. Furthermore, the application of process intensification techniques might positively
contribute to the ongoing development of this sector.
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