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1. Introduction

Overcoming the problem of global warming and pollution due to fossil fuel consumption is imperative and 
one of the greatest challenges of our times. Increasing the global energy production from renewable sources by 
2030 to combat climate change and minimize its impacts on populations around the world is vital, reason why 
European legislation established the goal of improving energy efficiency by 32.5% until 2030 (Energy Efficiency 
Directive 2012/27/EU, recently amended to Directive (EU) 2018/2002) (Trotta, 2019). With this in mind, in 
accordance with the policies and the targets defined and approved internationally by different countries, it was 
decided to incorporate until 2030 between 20% and 30% of ethanol in gasoline (Jahid et al., 2018).

When ethanol is produced by alcoholic fermentation process, mediated by yeasts, filamentous fungi, or bacteria 
from simple sugars, namely pentoses, C5 (i.e., xylose), or hexoses, C6 (i.e., glucose), and it is not provided by oil 
refineries, it is called bioethanol (Rosa, 2006). Bioethanol has increasingly emerged on the market as the biofuel 
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that will replace gasoline in the next years. Nowadays, it is considered the most produced biofuel worldwide and 
it also accounted for about 73% of the 135.3 billion liters of biofuel produced in 2016 (Branco et al., 2018).

Bioethanol has been successfully integrated into the national fuel systems of some countries, in low 
mixtures with gasoline, without modifying the engine (Handler et al., 2016). The introduction of bioethanol 
in explosion engines has several benefits in relation to gasoline. On the one hand, this green fuel consists of 
34.7% oxygen, which leads to an increase in combustion efficiency, by about 15%, compared to gasoline, which 
does not have this element in its composition, resulting in lower emissions of nitrogen oxides, carbon monoxide 
(Sophanodorn et al., 2020) and PM particles (Domínguez et al., 2017). All these compounds are emitted by 
gasoline, and they have a harmful effect on the environment, because they contribute to the worsening of 
the phenomenon of acid rain and the contamination of groundwater (Sophanodorn et al., 2020). Bioethanol 
also has a high-octane number, which allows engines to operate at a higher compression rate (Branco et al., 
2018) offering, for this reason, greater safety for the driver (Jahid et al., 2018). Moreover, this fuel can replace 
other additives, such as octane propellants, and it can also provide greater braking efficiency (Cutzu & Bardi, 
2017). It is considered an attractive substitute for premium engines (PMS), as it is completely biodegradable 
(Efeovbokhan et al., 2019) and the products which result from its incomplete oxidation, namely acetic acid, 
and acetaldehyde, are less toxic than other alcohol (Cutzu & Bardi, 2017).

First generation bioethanol is currently the most produced biofuel, mainly based on the use of food crops 
and it constitutes a threat and a concern for the food chain and for biodiversity (Branco et al., 2018). In the 
face of the pressure around the food industry, second generation technologies have emerged, which use raw 
materials of non-food origin, to produce bioethanol, namely lignocellulosic biomass (LCB). The production of 
bioethanol from LCB increases the demand for this green fuel, as it makes it possible to obtain several by-products 
of high added value, such as ethanol vapor (used in the production of hydrogen, mainly in fuel cells), ethylene, 
ethylene glycol, glycol, acetaldehyde, ethyl acetate, acrylates, ethyl chloride, butane, propylene, butadiene, and 
ethane, which is considered a precursor to polyethylene, polypropylene, and polyvinyl chloride (Gonçalves et al., 
2015). Also, carbon dioxide, which is the main secondary product of alcoholic fermentation, can be reused in 
the production of microbial biomass, in the manufacture of carbonated/soft drinks and in the production of 
syngas for example (Gonçalves et al., 2015).

In addition to the byproducts production advantages, the greatest benefit of second-generation bioethanol 
is the reuse of agricultural, forest and industrial wastes, offering an alternative to the utilization waste and the 
environmental impact resulting from its unsuitable destination (Song et al., 2020). Thus, it is more and more 
crucial to follow a circular economy strategy, a reason why bioeconomy and then the circular economy have 
gained political traction during the second decade of this century (Organisation for Economic Co-operation 
and Development, 2018).

The main motivation to perform this study is related to the mobilization of huge number of resources that 
currently may be considered wastes (i.e., forestry residues, agricultural residues) and gradually replacing the fossil 
fuel-based production with bio-based production to guarantee social, economic, and environmental benefits. 
The production of 2G bioethanol may help improving the rural economy and social benefits as it contributes 
to the creation of jobs since it is necessary to mobilize a lot of labor to collect cellulosic waste having in mind 
the production of 2G bioethanol. In addition, contributes to improve sustainability due to the reduction of 
greenhouse gas emissions, and role to regional development (Elemike et al., 2015). However, up till now the 
conversion of wastes to 2G bioethanol still presents some constraints, in particular the residues quantification 
along the food supply chain, the scarcity of data on its quality and level of homogeneity and the differences 
in the implementation of waste regulations in different countries (Prasoulas et al., 2020).

From the standpoint of Portugal, the main source of greenhouse gas emissions (GHG) is related to fossil 
fuel combustion in the energy sector with power plants, oil refineries, transport and industry being the main 
contributors (Monteiro et al., 2011). The climate in Portugal is prone to biomass production since it is a temperate 
climate mostly rainy in winter and with a warm summer (Peel et al., 2007). The distribution of land use in 
Portugal mainland is around 35% forest, 32% bushes and pastureland, 24% agriculture, with the remaining 
urban area, inlet water and a productive land (Instituto da Conservação da Natureza e das Florestas, 2019). 
The waste forest residues in Portugal are mainly from landowners with only around 2.5% belonging to public 
bodies and forests correspond to approximately one third of the territory (Pinho, 2014). Agriculture is also very 
important for the Portuguese economy and around 360000 hectares of the land area is olive groves generating 
a high amount of biomass waste (Fonseca, 2020).

Ferreira et al. (2017) present one of the few recent studies discussing the current state and prospects for the 
biomass in Portugal. Currently in Portugal, there are some companies dedicated to the production of biodiesel 
FAME, mainly from used cooking oils (UCO) (Portugal, 2021) but regarding to bioethanol, its incorporation into 



Production, 31, e20210060, 2021 | DOI: 10.1590/0103-6513.20210060 3/14

gasoline has been ensured essentially by imported bioethanol (Portugal, 2021). However, given the potential 
of bioethanol as a business of the future, companies dedicated to its production are beginning to emerge 
(Saini et al., 2020) with forest residues, olive pomace, olive pruning and some solid urban residues, for the 
purpose of bioethanol production by a Portuguese company (Stex, 2020).

This work intends to make the evaluation of the various types of agricultural and forest waste in Portugal, 
in order to be used as a resource to produce 2G bioethanol. The selection of the various types of waste can be 
seen as a multicriteria problem, where different alternatives (i.e., different wastes) will be analyzed, according 
to a multiplicity of evaluation criteria, to select the most promising biomass residues. This is a key step in the 
process of waste selection. Provided the expected growth in the significance and rate of decisions being made 
in the biomass resources to bioenergy sector and the complexity of the systems being created there is a clear 
out request for multicriteria decision analysis (MCDA) methods to be applied.

MCDA covers a wide range of distinct methodologies and techniques (Figueira et al., 2005). The choice 
of a particular method is very dependent on the decision context and among some of the best well known 
MCDA methods are for example the analytical hierarchy process (AHP) and analytical network process (ANP) 
developed by Saaty (1987) or outranking methods as for example ELECTRE (Elimination Et Choix Traduisant 
la Realité – Elimination and Choice Expressing Reality) (Roy, 1968), (Vincke,1989) or PROMETHEE (Preference 
Ranking Organizations Method for Enrichement Evaluations) techniques) (Brans, 1982) among others. Also, 
Multi-attribute utility theory (MAUT) with the development of utility functions and scale constants aggregated 
into a single synthesis criterion (Keeney & Raiffa, 1993) or MAVT where the multi attribute value theory is 
the appropriate option as MACBETH (measuring attractiveness by a categorical-based evaluation technique) 
that allow to measure differences of attractiveness between two options at a time against a multiplicity of 
criteria (Bana e Costa & Vansnick, 1994), (Bana e Costa et al., 2011). MACBETH has proven to be an excellent 
interactive method to deal with problems where semantic judgements about the differences in attractivity of 
several stimuli will help to quantify their relative attractiveness (Bana e Costa et al., 1999, 2002). Ferreira et al. 
(2017) present a literature review on MACBETH of the last 20 years pointing out the usefulness of the method 
with applications in public and private decision-making contexts.

The main reasons that lead us to choose the MACBETH method is related to the theoretical fundamentals 
and versatility of the method. Also, the simplicity of the method was a key point as it requires only qualitative 
judgments about differences of attractiveness between two elements at a time to generate numerical scores 
for the alternatives in each criterion and to weight the criteria. The MACBETH approach allows the researchers 
to easily build an interval scale of preferences on a set of alternatives without forcing evaluators to produce 
direct numerical representations of their preferences and this was considered a strong reason for choosing the 
aforementioned method to evaluate biomass resources for bioethanol production.

The paper presents the main steps of building the multicriteria model to evaluate the potential of various 
forests and agricultural residues to produce 2G bioethanol. Section 2 presents the methodology with the 
background of MACBETH and the general steps to model building and analysis. In section 3 the biomass 
residues evaluation is performed based on the methodology depicted and the results presented. Section 4 
presents the discussion and analysis of the results. Finally, the conclusions are presented with the main findings 
and implications for the practice.

2. Methodology

The main goal of this study is to analyze the potential of various forests and agricultural residues existing in 
Portugal with the main objective produce 2G bioethanol. In Portugal biomass waste, mostly finds conventional 
low values use with agricultural residues usually used as they are for animal feed or spread on fields (Bio-based 
Industries Consortium, 2018). As in relation to forest residues they usually go into energy and a lot can be done 
in Portugal to maximize the utilization of Biomass residues in the production of bioethanol. Second generation 
bioethanol production in Portugal is practically non-existent, but it can represent in the future an important 
economic activity and contribute to generate environmental benefits. The 2G bioethanol can be produced from 
the biomass residues, such as agricultural or forest wastes considerably increasing the value of a resource that 
is currently still seen as a waste. This is very advantageous because these feedstocks do not increase concerns 
related to food sustainability, also have a low and usually stable price, and do not demand for extra land. The 
lignocellulosic biomass is among these types of feedstocks comprising different types of biomasses such as 
agricultural residues (i.e., straw, corner, wheat, sugarcane, stover), forest materials (i.e., mainly wood materials) 
and energy crops (e.g., perennial grasses) (Zabed et al., 2016).
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In this context, the use of a multicriteria decision analysis method that allows the evaluation of the 
various types of biomass residues existing in Portugal is adequate due to the different fundamental points 
of view necessary to evaluate the distinct alternatives. The MACBETH method is the approach used to build 
the evaluation model and compare the different alternatives (i.e., Biomass wastes), according to the selected 
evaluation criteria.

2.1. Background of MACBETH

MACBETH consists of a value measurement procedure that, unlike other procedures like numeric direct rating, 
uses qualitative judgements of differences in attractivity to generate value scores for the alternatives. The approach 
relies on a pairwise comparison mode and uses seven qualitative categories of difference in attractiveness (i.e., no 
difference, very weak difference, weak difference, moderate difference, strong difference, very strong difference, 
and extreme difference). MACBETH derives the partial values for the alternatives within each evaluation criterion 
consistent with the set of judgments with the goal of quantifying the relative attractiveness of the alternatives 
on an interval scale within each evaluation criterion. The weight of the criteria can also be derived through the 
MACBETH procedure through a set of hypothetical reference options and the global value of the alternatives is 
obtained using an additive value function model, by calculating the weighted average value of each alternative 
on the criteria. MACBETH makes use of some mathematical programming techniques to test the consistencies 
and find recommendations to overcome the inconsistencies that may be present. For more information on 
the theoretical aspects of the MACBETH method see (Bana e Costa et al., 2012). The M-MACBETH software 
implements the MACBETH method (available at www.m-macbeth.com) and provides tools that allow complex 
evaluations involving both quantitative and qualitative criteria as well as interactive sensitivity and robustness 
analyses of alternatives’ overall comparisons.

2.2. Model building and analysis

The model building and analysis tasks involve structuring, evaluation, and analysis of the results (Figure 1).
The process begins with the elicitation of the fundamental points of view that the research team considered 

to be the criteria by which the attractiveness of any potential alternative should be appraised.
Once the set of criteria (i.e. fundamental points of view) and the performance descriptors are defined 

( ,  1, 2, ,iX i n= … ), the next step consists in the evaluation of the criteria weights followed by the additive value 
function model where the performance profile of each alternative x  is represented by ( )1 2, , nx x x…  where ix  
corresponds to a certain level of iX . The global value of the alternative x  is obtained through the additive 
value function model as:
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and quantifies the local attractiveness of the alternatives with respect to the fundamental points of view, and 
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performance levels in the descriptor of the ith fundamental point of view.

Figure 1. Model building and analysis tasks.
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The Key concern “Biomass Waste Availability” in Portugal was deployed in two main evaluation criteria: the 
“Quantity Produced” that is measured, thorough a quantitative descriptor of performance representing the total 
amount of biomass annually generated in the country and measured in kilotons (kt); and the evaluation criterion 
“Seasonality” with a quantitative descriptor of performance representing the waste availability throughout the 
year and measured in months.

The key concern “Geographical Distribution of the Biomass Waste in Portugal” was deployed in two evaluation 
criterion the “number of NUTS III where the waste is located” and the “average distance to the reference NUT 
III”. NUTS is the acronym for Nomenclature of Units for Territorial Statistical purposes, that corresponds to 
a hierarchical system for dividing the territory into regions. At the top of the NUTS hierarchy is the National 
territory of the Member States of the European Union, with the coding structure broken down into three levels: 
NUTS I, NUTS II and NUTS III. In 2015, a new regional division came into force in Portugal - NUTS 2013 and 
in relation to the previous version - NUTS 2002 -, this translates into significant changes in the number and 
municipal composition of NUTS III, which went from 30 to 25 territorial units, now referred to as ‘administrative 
units’ in accordance with the Commission Regulation (European Union, 2014) and represented in Figure 3. The 
concentration of each waste across the territory was assessed by determining the average distance from the 

The criteria weights , 1, 2, , ik i n= …  (i.e., scaling constants) are determined with the assistance of MACBETH 
in the context of a simple additive aggregation model to harmonize the [0,100] partial value scales of each 
criterion and perform the evaluation of the global attractivity of each alternative.

Once the additive evaluation model is built the alternatives can be evaluated and the interactive use of the 
MACBETH decision support system is extremely helpful to perform sensitivity and robustness analysis. Sensitivity 
analysis on a criterion weight allows the visualization of the extent by which the model´s results would change 
as a result of changes made to the weight of a criterion.

The software´s output window can be used interactively with any data input windows allowing to interactively 
analyze the sensitivity of the model´s results to variations in judgements, performance, values, and weights. It 
is also possible to analyze the robustness of the model exploring the extent to which the conclusions can be 
drawn given incomplete, imprecise or uncertain information.

3. Biomass residues evaluation

The structuring step began with the identification of the key concerns that the research team considered to 
be relevant to appraise the distinct forest and agricultural residues to produce 2G bioethanol: the “Geographical 
Distribution of the Biomass Waste in Portugal”, the “Biomass Waste Availability in Portugal”, and the “Waste 
Utilization Capacity”. Several levels of specification may be considered in the definition of the fundamental 
points of view (i.e., evaluation criteria) and it is useful to represent the evaluation criteria in a tree structure, 
as depicted in Figure 2.

Figure 2. Value tree of the criteria for the selection of Biomass Residues.
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reference NUT III. To define the criterion “average distance to the reference NUT III” the reference NUT III for 
each waste was the one where the largest amount of waste is generated. Thus, for each residue, after knowing 
which NUT III has the largest amount of waste produced, the distance in km of that NUT was determined from 
each of the remaining NUTS III where the residue exists and then the average of these distances was calculated. 
Note that the shorter the average distance, the more concentrated the waste is in the territory with less dispersion.

In relation to the “Waste Utilization Capacity” the selected evaluation criterion was the “Bioethanol Yield 
of the Residue” measured by the % of Yield.

After the definition of the evaluation criteria and the descriptors of performance for each criterion the 
next step was the identification of the alternatives (i.e., the biomass residues) with potential to 2G bioethanol 
production. The biomass residues were selected according to their availability in Portugal and the possibility 
to be used to 2G bioethanol Production (i.e., considering the technologies already published to produce 2G 

Figure 3. Municipalities in Portugal grouped into 25 NUTS III (Fundação Francisco Manuel dos Santos, 2021).
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The shape of the value function shows that there is much more value added to Yield in the upper area 
of the yield function than in the lower area of the Yield function and this shape totally reflects the research 
team judgement system of value. The Yield of the biomass residues was obtained through a detailed literature 
search considering the various types of technologies that can be used to produce 2G bioethanol for each type 
of biomass waste and selecting for each one the highest yield published. Table 1 presents the performances of 
the residues according to the criterion “Bioethanol yield of the residue” and the partial values obtained for all 
the residues in the respective criterion.

The Biomass residues partial values are obtained according to the criterion “Bioethanol yield of the residue” 
value function represented in Figure 4.

The process of value function creation for the remaining criteria was repeated according to a similar procedure 
and the value functions for the criteria that represent the key concern “Geographical Distribution of the Biomass 
Waste in Portugal” are represented in Figure 5.

For the criteria that represent the key concern “Biomass Waste availability in Portugal” the value functions 
were also built as depicted in Figure 6.

The criteria weights were then determined following the MACBETH weighting procedure. As already 
mentioned, the weights are scale constants to convert partial values of the alternatives, into global value units. 

bioethanol with the types of biomass residues identified). Regarding forest residues, the potential of Eucalyptus 
residues, Paulownia Tomentosa, pine, beech and bamboo was investigated. The agricultural residues studied 
were banana, pineapple, lemon, coffee, corn, wheat, barley, rice, soy, cassava, chestnut, and olive oil residues. In 
Portugal, there is no relevant cultivation of coffee, cassava, and soy, so these residues were excluded from the 
present study, which focuses on residues generated only in the national territory. However, it should be noted 
that coffee and soy residues can achieve high yields, 98% (Burniol-Figols et al., 2016) and 96.2% (Choi et al., 
2015) respectively, which in coffee and soy producing countries should not be discarded. Cassava residues, on 
the other hand, can present a yield of up to 57.2%, (Efeovbokhan et al., 2019) which makes them less interesting 
for this purpose. The potential of tobacco and hemp residues was also analyzed.

A total of 16 biomass residues was screened and inserted into the M-MACBETH software along with their 
performances with respect to each evaluation criterion. The biomass residues selected were the Eucalyptus, 
hemp, beech, pine, banana, tobacco, bamboo, wheat, pineapple, corn, barley, rice, Paulownia, Lemon, chestnut, 
and olive oil.

The evaluation step started with the creation of a value scale for each of the criteria. For example, for the 
criterion “Bioethanol Yield of the Residue” the cardinal value function was constructed for its quantitative 
descriptor Yield in %. The value function serves to translate the performance of each biomass residue into 
partial value scores of the biomass residue in terms of the criterion and so indicating the attractiveness of the 
biomass residue relative to each other. The research team considered five levels of Yield in % and selected 65% 
as neutral level and the 95% as good level and these reference levels would later serve as the scale anchors 
and assigned the arbitrary values 0 and 100, respectively. The research team judged qualitatively the difference 
in attractiveness between each two levels of performance through the choice of one of the seven MACBETH 
semantic categories and the answers is represented in Figure 4 along with the MACBETH scale.

Figure 4. Matrix of semantic judgements and value function for bioethanol yield of residue.
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Figure 7 presents the weighting references where the [All lower] represents a hypothetical alternative with the 
performance in all criteria equal to the performances of the neutral level in these criteria and the other are 
alternatives whose performance in the respective criterion is equal to its upper reference and whose performance 
in the remaining criteria are equal to their neutral level.

The MACBETH weighting matrix is represented in Figure 8 and corresponds to the weighting procedure 
made by the research team. Looking at the hypothetical alternative where all the criteria are in the neutral 
level [All lower] if only one criterion could be changed to the reference level good the research team agreed 
that it should be the quantity. The second was Yield, and then the average distance to reference NUT III, the 
number of NUTS III and finally the Seasonality. Looking at the last column it is also possible to conclude that 
the research team judged the improvement of neutral to good in the criterion quantity as “very strong”, and 
the improvement of the Yield from neutral to good as “strong to very strong” and so on. For more information 
related to the MACBETH weighting procedure, see (Bana e Costa & Vansnick, 1999).

Figure 5. Value Functions for the criteria Number of NUTS III where the waste is located and Average distance to reference NUT III.

Figure 6. Value Functions for the criteria Quantity Produced and Seasonality.

Table 1. Biomass residue performance according to bioethanol Yield.

Waste Yield Reference

Eucalyptus 99 Romaní et al. (2019)

Hemp 89 Kuglarz et al. (2016)

Beech 68 Katsimpouras et al. (2017)

Pine 21 Dong et al. (2018)

Banana 91 Palacios et al. (2019)

Tobacco 97 Sarbishei et al. (2020)

Bamboo 93 Yuan et al. (2017)

Wheat 95 Hasanly et al. (2018)

Pineapple 33 Jahid et al. (2018)

Corn 6 Braide et al. (2016)

Barley 97 Lara-Serrano et al. (2018)

Rice 84 Jin et al. (2020)

Paulownia 100 Domínguez et al. (2017)

Lemon 86 John et al. (2020)

Chestnut 97 Morales et al. (2018)

Olive oil 20 Battista et al. (2016)
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After providing all the judgements as depicted in Figure 8, it was possible to determine the criteria weights 
according to Figure 9.

A table with the global values of the Biomass residues was created (Figure 10) allowing the research group 
to see the results of the model and the scores of the options.

Figure 7. Weighting references.

Figure 8. MACBETH weighting matrix.

Figure 9. Histogram with the weight of the criteria.
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4. Discussion

Observing Figure10 it is possible to conclude that Eucalyptus waste is the most promising forest residue to 
produce lignocellulosic bioethanol with a high score. It is estimated that, throughout the year, in Portugal, around 
403500 tons of Eucalyptus dry residues are generated (Bio-based Industries Consortium, 2018). Furthermore, 
these residues can obtain a maximum yield of 99% (Romaní et al., 2019) and they can also be found in all 
NUTS III (Instituto Nacional de Estatística, 2019). However, they have a high average distance from the reference 
NUT III (Leiria, Região de Leiria): 199 km.

Another very promising type of waste, but still, not as much as Eucalyptus waste, is Paulownia Tomentosa 
waste with the second highest score. Although it is possible to achieve yields of 100% with these residues 
(Domínguez et al., 2017) and knowing that they are available throughout the year, it is estimated that only 
between 150 and 300 tons of this type of waste are generated (Abreu et al., 2020). Moreover, Paulownia 
Tomentosa residues are only found in 10 NUTS III (Instituto Nacional de Estatística, 2019) and they have an 
average distance to the reference NUT III (Castelo-Branco, Beira-Baixa) even greater than the average distance 
of Eucalyptus residues: 236 km.

Pine residues, on the other hand, fell short of expectations as can be concluded by the low score achieved 
by this type of residue. Although they are available throughout the year and they can be found in 24 NUTS III 
(Instituto Nacional de Estatística, 2019), this type of waste only provides a maximum yield of 20.5% (Dong et al., 
2018). Despite presenting about the same average distance to the reference NUT III (Leiria, Leiria Region) as 
Eucalyptus residues (199 km) and with about 260500 tons of this waste are produced per year (Bio-based 
Industries Consortium, 2018), this is not enough to produce 2G bioethanol on a large scale.

In turn, beech residues make it possible to obtain maximum yield values slightly higher (68.1%) (Katsimpouras et al., 
2017) than those of pine residues, but still, much lower than the yield values of Eucalyptus residues and of 
Paulownia Tomentosa residues. It is estimated that only 617 tons of this waste are produced per year. Although 
they are only found in the North and Center of the country which corresponds to 16 NUTS III (Abreu, 2021). 
Beech residues have a better score than Pine and they can also be obtained throughout the year, and they also 
present an average distance from the reference NUT III (Braga, Cávado) smaller (165 km) and so they are more 
concentrated in the territory than the previous waste.

Bamboo residues have a better global score when compared to beech and pine wastes because these residues 
are those that are the most concentrated in the territory, as they have the lowest average distance to the reference 
NUT III (Vidigueira, Baixo Alentejo) (125 km). It is estimated that about 28800 tons of bamboo are produced 
(Bambuparque, 2021), only in 2 NUTS III and only for 4 months a year (between May and August). However, 
they can reach a maximum yield of 92.3% (Yuan et al., 2017), which means that, even though there are no 
large quantities of this waste dispersed throughout the country they reach a high score due to the yield that 
this type of residue can achieve. Even though bamboo does not have a very high score it is advised that this 

Figure 10. Table of scores for the evaluation of Biomass Residues.
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type of residue will be the subject of further investigation in future works, if there is an increase in bamboo 
production in Portugal.

Regarding agricultural residues, it was possible to note that residues from cereals, such as corn, wheat, and 
barley, are very promising to produce 2G bioethanol as we can see by the global score of these type of agricultural 
biomass residues. In Portugal, these residues are widely dispersed throughout the territory, and they are produced 
in large quantities. However, they have a high average distance (337 km) to the reference NUT III (Beja, Baixo 
Alentejo). Indeed, corn residues are estimated at 791000 tons (Bio-based Industries Consortium, 2018) and they 
can be found in all NUTS III (Instituto Nacional de Estatística, 2019). Wheat residues are estimated at 189000 
tons (Bio-based Industries Consortium, 2018) and they can be found at 23 NUTS III (Instituto Nacional de 
Estatística, 2019). At last, barley residues are estimated at 24000 tons (Bio-based Industries Consortium, 2018) 
and they can be found in 23 NUTS III, too (Instituto Nacional de Estatística, 2019). Additionally, the harvest of 
these wastes occurs in the summer months. Thus, corn residues are collected in August and September, wheat 
residues in June and July, and barley residues only in September. Concerning the maximum yield in bioethanol, 
while wheat and barley waste present appreciable values, respectively 95% (Hasanly et al., 2018) and 97% 
(Lara-Serrano et al., 2018), corn residues present a very low value, about 6.17%. (Braide et al., 2016). The 
large quantities produced, when compared to the rest of agricultural wastes just referred, and the number of 
NUTS III where they can be found makes the global score of this type of waste higher than the others, which 
quantities have a much lower expression. However, the corn will only make sense in the future by investigating 
technologies that can improve the corn yield.

In turn, rice residues, which are present in 15 NUTS III (Instituto Nacional de Estatística, 2019) are also 
produced in considerable quantities, about 112000 tons (Bio-based Industries Consortium, 2018), and their 
harvest occurs in September. These residues were not considered as promising as the residues of the remaining 
cereals. In fact, despite presenting an average distance to the reference NUT III (Santarém, Lezíria do Tejo) 
lower (159 km) than the residues of the remaining cereals, these residues present a maximum yield of 83.5% 
(Jin et al., 2020), therefore lower than the values of the wheat and barley residues. These are one of the reasons 
why these last agricultural residues score better than the rice.

Tobacco residues have a greater potential to produce 2G bioethanol when compared with hemp residues. 
Indeed, while tobacco residues can achieve a yield of up to 97% (Sarbishei et al., 2020) and they are present 
in 10 NUTS III (Instituto Nacional de Estatística, 2019), hemp residues, at most, can achieve a yield of 89% 
(Kuglarz et al., 2016) and they are only found in 3 NUTS III (Instituto Nacional de Estatística, 2019). Despite 
being present in less NUTS III than tobacco residues, the truth is that hemp residues have a greater average 
distance (274 km) to the reference NUT III (Grândola, Alentejo Litoral) than the average distance (173 Km) NUT 
III of reference (Portalegre, Alto Alentejo) of tobacco residues. In terms of the number of residues generated, 
tobacco residues show better results (90 tons) (Food and Agriculture Organization of the United Nations, 2019), 
although these are not much better than those from hemp residues (59.64 tons) (Abreu, 2021) because both 
have very low values. Regarding seasonality, hemp residues are available between April and August, while tobacco 
residues are only available between June and August. All these differences were taken into consideration in the 
development of the multicriteria model reason why tobacco scores better than hemp.

Regarding fruit residues, it is estimated that 11136 tons of banana residues are generated (Food and 
Agriculture Organization of the United Nations, 2019) in the archipelagos of Madeira and the Azores (Instituto 
Nacional de Estatística, 2019), 351 tons of pineapple residues (Food and Agriculture Organization of the United 
Nations, 2017) only in the Azores archipelago (Instituto Nacional de Estatística, 2019). Also, 8225 tons of 
lemon residues (Food and Agriculture Organization of the United Nations, 2019) and 24526 tons of chestnut 
residues (Gírio, 2018) distributed throughout the national territory (Instituto Nacional de Estatística, 2019). 
For chestnut residues the average distance to the reference NUT III (Vila Real, Douro) is 256 km and that for 
lemon residues the average distance to the reference NUT III (Faro, Algarve) is 472 km, presenting the worst 
average distance to the reference NUT III in the territory when compared to the rest of residues studied in this 
work. In terms of seasonality, while banana, pineapple and lemon residues can be obtained throughout the year, 
chestnut residues can only be collected in October and November. Finally, regarding the maximum bioethanol 
yield, banana residues can reach 91% (Palacios et al., 2019), pineapple residues 33% (Jahid et al., 2018), lemon 
residues 85.97% (John et al., 2020) and chestnut residues the value of 97% (Morales et al., 2018) reason why 
the chestnut residue has a partial score related to yield very high. Among the fruits studied, chestnut residues 
were considered the most promising, not only due to their high yield, but also since they are more concentrated 
in the territory.

Concerning olive oil residues, although it is estimated that about 330390 tons of residue are produced 
(Gírio, 2018) and they can be found in 23 NUTS III (Instituto Nacional de Estatística, 2019), but these residues 
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do not allow to reach high yield values (maximum 19.66%) (Battista et al., 2016) and they present a distance 
average to NUT III of reference (Beja, Baixo Alentejo) of 337 Km which penalizes the residue along with the 
issue of seasonality because they can only be collected between October and February. All these reasons make 
the olive oil residue one with the lower global score.

5. Conclusions

According to the multicriteria assessment carried out, the residues found to have the greatest potential where 
Eucalyptus waste, followed by Paulownia Tomentosa waste. Some agricultural wastes are very promising, such 
as wheat or barley due to their high yield and number of NUTS III where the waste is located. Corn, despite 
having a much more attractive quantity available have huge limitations in relation to the yield. More studies are 
necessary to develop technologies that allow greater efficiency of this biomass residue to produce 2G bioethanol. 
The biomass residues that are at the bottom of the list in terms of global score according to the multicriteria 
model built are the pineapple at the bottom, followed by the olive oil and the pine.

The originality of the study is based in its contribution to unique insights regarding the evaluation and 
selection of biomass residues in Portugal to 2G bioethanol production. The better understanding of the 
potentialities of the different agricultural and forest residues according to different type of criteria is a plus 
and will give decision makers a better perception of the Portuguese biomass residues to produce 2G bioethanol 
whose actual production in Portugal is mainly nonexistent.

The MACBETH method was very helpful in the evaluation and selection of the residues considered promising 
for the large-scale production of lignocellulosic 2G bioethanol in Portugal and to better understand the ones 
that were currently considered inappropriate for this purpose. The alternatives studied (i.e., biomass residues) 
were evaluated against a multiplicity of criteria that helped to differentiate among the alternatives and select 
the most relevant biomass wastes according to the developed model and based on the researchers’ preferences. 
MACBETH method is simple to use and very helpful to provide researchers with a step-by-step decision process, 
putting the researchers’ systems of values in the first place and helping to develop a model for the decision 
making in the evaluation and selection of biomass wastes to the production of 2G bioethanol in Portugal.

Some practical implications of the study are related to MCDA method selected for fulfil the objective of 
this work. The selection of a suitable decision-making method is a critical part of the process and MACBETH 
method and the decision support software M-MACBETH proved to be very useful and suitable for carrying 
out the biomass residues multicriteria evaluation. The lessons learnt of the biomass residues evaluation in the 
Portuguese context will be helpful for future research and for practitioners. The decision making in circular 
economy and circularity issues to save resources is crucial for a sustainable world reason why the evaluation of 
alternatives that can be valued is a vital issue.
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