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Introduction

Nowadays, the critical depletion of raw materials and the surge 
of wastes and residues disposed in the environment are worry-
ing policymakers, always more committed to push society 
towards strategies able to restore and recycle resources in an 
effective and efficient way. Therefore, sustainability and sus-
tainable development (United Nations, 2015; WCED, 1987) 
became an always more challenging and urgent concern world-
wide, due to shrinking time constraints available to enact rem-
edies and solutions. In addition, concepts as Circular Economy 
(CE) can be considered a key driver towards the achievement 
of Sustainable Development Goals (SDGs) (Velenturf and 
Purnell, 2021), based on the values of narrowing, slowing and 
closing of resources’ loops (Bocken et al., 2016), to promote 
economic prosperity, social equity and environmental quality 
(Kirchherr et al., 2017), to identify new business (Tapaninaho 
and Heikkinen, 2022) and new models of eco-design (Vacchi 
et al., 2021a). In this context, until 1990s, technology was con-
sidered the main driver to manage to successfully enact restore- 
and recycle-driven strategies. Its role is strategic towards 
sustainability (Arrhenius and Büker, 2021; Vacchi et  al., 
2021b). However, several issues were detected due to both the 
presence of heavy components of pollutants in wastes (e.g. 
potentially toxic elements (PTEs)) and the fact that often the 

treatment process to remove, stabilize or destruct the pollutants 
generates emissions. Indeed, COP26 revealed that not all coun-
tries are keen and able to support the transition, leading to strong 
inequalities concerning sustainable development, emissions of 
toxics, economic production drivers, efficiency rates and social 
impacts. Due to this, the need of a sustainable hand, able to dis-
tribute the value among all stakeholders, has been raised in lit-
erature (D’Adamo et  al., 2022). The public acceptance of 
projects is a key-element to implement green initiatives 
(Moustairas et al., 2022). To trigger this action, a multi-discipli-
nary approach should be used, driven by a systematization of 
data and information (Acerbi et al., 2021; Sassanelli et al., 2019) 
– flowing in parallel with resources, energy and wastes through 
the effective adoption and use of digital technologies bolstering 
the entire product lifecycle (Sassanelli et al., 2020) – and flanked 
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by robust methodologies able to propose solutions to present 
and future necessities (Rocca et al., 2020).

The issue of waste management is crucial (Loizia et al., 2021; 
Voukkali et al., 2021), useful to produce energy (Kandasamy and 
Gökalp, 2015), to be used in the transport sector (Gustafsson 
et al., 2021) and biomass is a relevant component of the green 
transition (Bennici et al., 2019; Jeguirim et al., 2019). The grow-
ing awareness of the need for safely restoring and valorizing 
waste and biomass to valuable materials and energy is turning up 
as a major trend for sustainable development (D’Adamo et al., 
2022), able also to recovery and reuse additional products (Ferella 
et  al., 2017). In detail, bioeconomy is defined as a paradigm 
capable to convert renewable energy resources (RES) biologi-
cally deriving from the land and sea – animals (Silva et al., 2020), 
water (Hildebrandt and Bezama, 2018), crops and agrowaste 
(Moustakas et al., 2020), forests, etc. – to energy (Fragoso et al., 
2021), food (Ragossnig and Ragossnig, 2021) and materials 
(Lekkas et al., 2021). Several industries are exploiting the results 
of such paradigm: from agriculture, forestry, fishing and aquacul-
ture, through manufacture of food, beverages, tobacco, bio-based 
textiles, wood products and furniture, paper, bio-based chemi-
cals, up to manufacture and production of pharmaceuticals, plas-
tics and rubber, liquid biofuels and bioelectricity (European 
Commission, 2018). The stakeholders belonging to these indus-
tries should however look at sustainability as a font of competi-
tive advantage to enable their success in the market (Appolloni 
et al., 2022). In this domain, there are managerial practices that 
can be considered best practices to be followed to lead to a circu-
lar bioeconomy (Kardung et al., 2021), for example the substitu-
tion of non-renewables with biological resources, the cascading 
use of biomass and minimization of biowaste.

These practices are also valuable for biogas production. A 
review on the role of biogas towards all SDGs was proposed by 
Obaideen et al. (2022). Biogas is an example of renewable energy 
and also considered a secondary energy carrier developed from 
biodegradable organic flows of materials via anaerobic digestion 
(Awe et al., 2017). For sure, the recovery of energy from wastes 
is a model of CE, being able to close both the material and energy 
cycles (Tomić and Schneider, 2018), and is considered a promis-
ing avenue towards sustainability (Baena-Moreno et  al., 2021; 
Lindfors et al., 2019). Indeed, it can have different destination of 
use: fuel, starting material for chemicals production, hydrogen 
and/or synthesis gas, etc. (Awe et al., 2017).

The difference between biogas and biomethane is clarified by 
the International Energy Agency. Biogas is defined as a combina-
tion of methane, CO2 and other gases created through anaerobic 
digestion of organic matter in an anaerobic environment. Instead, 
biomethane is derived from a set of different substrates (e.g. crop 
rests, animal fertilizer, organic part of municipal solid waste and 
wastewater mud) and is a nearly pure font of methane and derives 
either by biogas upgrading or by gasification of solid biomass fol-
lowed by methanation (International Energy Agency, 2021; 
Sfetsas et al., 2022). It can be allocated to natural gas grids, used 
as fuel for vehicles or also converted to supply cogeneration units. 

Biomethane adoption can trigger new prospects for society on 
many levels (Haider et  al., 2020; Zhu et  al., 2019). However, 
issues related with biogas cleaning and upgrading technologies, 
its composition, upgrading efficiency, methane recovery and loss 
should be considered (Ndubuisi-Nnaji et al., 2020). In addition, 
the lack of public acceptance towards biogas–biomethane plants 
and the defectiveness of related regulations have been highlighted 
in literature (Budzianowski and Brodacka, 2017). Due to this, 
even if biomethane is widespread in Europe, it is still not fully 
exploited (Prussi et al., 2021). Indeed, it can be worth assessing its 
potential impact globally (Schmid et al., 2019), being promising 
its environmental contribution, both in the retrieval of the organic 
fraction of municipal solid waste (Cremiato et al., 2018) and of 
by-products (e.g. animal fertilizers, wastes from agriculture and 
the agro-industry) (Valenti et al., 2018).

The trend of biomethane plants is clearly growing as high-
lighted by the European Biogas Association: it went from 483 in 
2018 to 729 in 2020 to achieve an increase of 40% during 2021 
(reaching the number of 1023 production plants). Germany has 
the most significant number of plants followed by France which, 
together with Italy and Denmark, has recorded the highest 
increase in the number of plants in the last year (European Biogas 
Association, 2022).

Biomethane is a resource that can foster CE models (D’Adamo 
et  al., 2021), and Strengths, Weaknesses, Opportunities and 
Threats–Analytic Hierarchy Process (SWOT–AHP) analyses are 
proposed in the literature to identify strategic factors useful for 
the development of the sector (Fernández-González et al., 2020). 
For this reason, this work uses the approach proposed by 
D’Adamo et al. (2020). The aim of this research is to give support 
tools to policymakers, researchers, companies and citizens to 
have an overview of biomethane, to indicate a priority among 
multiple criteria and to identify the lines to be implemented to 
foster the development of biomethane in new markets. Managerial 
implications and policy suggestions are obtained based on the 
SWOT–AHP analysis conducted.

Materials and methods

The decision-making models are useful to resolve all processes 
in which multiple factors are compared in order to identify the 
most optimal solution. The AHP approach is widely used in the 
biomass energy field (Barry et al., 2021; Reißmann et al., 2018), 
since as demonstrated by Saaty (1980), it identifies a list of pri-
orities obtained through pairwise comparisons based on expert 
judgments. In particular, several papers highlight that AHP is 
useful for investigating environmental issues (Hermann et  al., 
2007; Ilicali and Giritli, 2020).

A SWOT analysis is a strategic planning tool that highlights 
the characteristics of an energy resource and its relationship to 
the internal and external environment (Chanthawong and 
Dhakal, 2016). In addition, this method is considered suitable 
for assessing sustainable issues (Voukkali and Zorpas, 2021; 
Zorpas et al., 2018).
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The analysis of this study starts from the framework proposed 
by D’Adamo et al. (2020), in which a SWOT–AHP is applied to 
the biomethane sector to understand what elements can foster its 
development. A similar approach is also proposed in the literature 
by other authors (Fernández-González et al., 2020). However, the 
strength of SWOT–AHP is that it can be applied in multiple 
areas: reuse (Vardopoulos et al., 2021), hydrocarbons (Tsangas 
et al., 2019) and manufacturing (Görener et al., 2012). Generally 
multicriteria decision analysis (MCDA) resolves conflicting situ-
ations by providing a judgement of a more viable alternative 
(Zorpas and Saranti, 2016).

Consequently, the objective of this article follows the meth-
odological approach already proposed in literature, but aims to 
analyze how the incidence of these factors changes over time by 
also choosing a different panel of experts. The novelty of the 
work is related to the interpretation of the results and its manage-
rial implications obtained through a quantitative analysis.

This method consists of the following steps (Figure 1):

•• Step 1. Identification of experts
•• Step 2. Identification of SWOT factors
•• Step 3. Presentation of local and global priority
•• Step 4. Aggregation of comparisons provided by experts
•• Step 5. Feedback from experts.

Identification of experts

The previous analysis (D’Adamo et  al., 2020) showed that 
experts belonging to different categories of stakeholders did not 
give different indications, but the variations in judgements came 
from the territories to which they belonged. In particular, experts 
belonging to European countries where biomethane was devel-
oped gave weight to the advantages, whereas disadvantages were 
proposed by those living in European countries where biometh-
ane was less developed. This article uses the following assump-
tions. The number of experts is always chosen equal to 20, and 
the analysis is restricted to academia – Supplemental Table A1. 
The idea is to see how the results change depending on the 
experts, but this aspect is also influenced by the different time 
period considered. Conversations with the experts revealed how 
in this work it is the time factor that plays a key role. The 

invitation was made through an email or via LinkedIn, proposing 
the purpose of the study and presenting previous work as a start-
ing point if requested. It was specified that this analysis was 
intended to capture new insights in light of energy changes. In 
fact, the previous analysis was attached but without providing a 
critical analysis of the results and so it can be interpreted as input 
data. The experts were selected and chosen through Scopus 
among those who had published an article with the word biome-
thane in the title and generally, characterized by knowledge about 
the biogas–biomethane chain. Another requirement was the years 
of experience, for which the minimum value of 10 years was cho-
sen (always through Scopus). The content of the email reported 
that only the first 20 identifiers that gave a positive response 
would have been chosen. The interviews were conducted between 
December 2021 and January 2022, and all experts requested to 
receive the previous research as an attachment, since belonging 
to the literature did not influence their choice. Each interview 
lasted on average about 1 hour in which the subject of the study 
was proposed and the excel sheet and related calculations were 
described.

Once the results were completed, each expert provided the 
results regarding the weights obtained and the consistency ratio 
(CR) value obtained. Their privacy is maintained, as the time 
required to respond to surveys is precious time for all academics, 
and in the initial email, it was specified that all rules regarding 
privacy and data processing would be respected. In addition, the 
process of selecting experts is made easier when the greater the 
number of invitations sent out. However, a winning element at 
this stage to avoid low participation is that the invitation must 
come from an official email, which the time taken will be short, 
and by the willingness you have shown in responding to invita-
tions from previous surveys.

Identification of SWOT factors

The same number of critical factors has been set for each of the 
four quadrants of the SWOT analysis to make them comparable. 
As noted by Brudermann et al. (2015), the SWOT–AHP approach 
is suitable for evaluating the biogas sector. Table 1 proposes a 
framework proposed by D’Adamo et al. (2020) in which the fac-
tors related to the biomethane are defined according to the litera-
ture. In fact, the choice of each factor is made according to this 
source, and the combined SWOT–AHP analysis provides a quan-
titative assessment that determines which criteria are most rele-
vant to consider and indicates the health of an industry.

The dimension of the AHP comparison matrix ranges from 1 
to 10 factors, but it is typically set to 7 ± 2. For this reason, five 
criteria are identified (consistent with the value requested by 
Saaty (2008)) for each quadrant for a total of 20. This allows for 
a homogeneous analysis when comparing SWOT groups. The 
choice of criteria is made in accordance with the previous analy-
sis because otherwise it was impossible to make a comparison. 
However, the analysis of recent literature did not reveal other 
critical factors.

Iden�fica�on of experts

Iden�fica�on of SWOT factors

Presenta�on of local and global priority

Aggrega�on of comparisons provided by experts

Feedback from experts

Figure 1.  Research process.
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It should be noted that after the identification and selection of 
the expert, an email was sent containing the material necessary to 
conduct the evaluations. A very short time frame was proposed 
before to attend the survey (max 72 hours) within which to com-
municate if one disagreed with the factors identified and to pro-
pose any corrections. During this phase, no critical issues 
emerged, and the main reason given by the experts was the origin 
of the document, which gave solidity to what was proposed.

Presentation of local and global priority

A comparison among 20 criteria is very complex, and for this 
motive, an approach based on the initial calculation of a local 
priority (restricted group of criteria) has been introduced for the 
subsequent one of a global priority (in which they are all aggre-
gated). This choice allows us to compare a very significant num-
ber of criteria, which would not be possible with a simple AHP.

Below, the following definitions are explained:

•• �‘Local priority’ measures the relevance of a factor 
within the same SWOT group and therefore consists of 
four analyses that consider 5 × 5 matrices.

•• �‘Category priority’ measures the relevance of a SWOT 
group; therefore, it is made up of one analysis that con-
siders a 4 × 4 matrix.

•• �‘Global priority’ measures the relevance of all the 
SWOT factors and is calculated as the product of local 
priority and category priority.

For each matrix, experts were offered a nine-level scale (Saaty, 
2008): 1 → Equally preferred; 2 → Equally to moderately; 3 →  
Moderately preferred; 4 → Moderately to strongly; 5 → Strongly 
preferred; 6 → Strongly to very strongly; 7 → Very strongly pre-
ferred; 8 → Very strongly to extremely and 9 → Extremely 
preferred.

The final result of the AHP is to have all the SWOT factors 
normalized to 1. Furthermore, to verify the goodness of the anal-
ysis conducted, the CR was calculated, whose value must be less 
than 0.10 (Saaty, 2008). To allow the experts to carry out a self-
check, this value was also calculated in the excel sheet. It should 
be noted that all experts preferred to complete these assessments 
not during the interview.

Aggregation of comparisons provided by 
experts

The CR provided within the excel file is a useful tool for practi-
tioners as it gives them immediate feedback on what they have 
worked out. CR is identified as a test of model robustness. 
Decision-making processes are made up of different pieces of 

Table 1.  Identification of SWOT factors.

Strengths References

S1 Number of actors involved Ammenberg et al., 2018
S2 Utilisation of available resources Brudermann et al., 2015
S3 Technical requirements well-known Clancy et al., 2018
S4 Recovery/selling of additional products Hao et al., 2018
S5 Additional source of income Brudermann et al., 2015

  Weaknesses  

W1 Quality of technical parameters Brudermann et al., 2015
W2 Low financial strength of small plants Brudermann et al., 2015
W3 Lack of awareness Herbes et al., 2018
W4 Uncertainty of subsidies Chan Gutiérrez et al., 2018
W5 Inadequate raw material Ardolino et al., 2018

  Opportunities  

O1 Can be blended with natural gas Scarlat et al., 2018
O2 Reduced dependency on energy imports Brudermann et al., 2015
O3 Targets/constraints to reach Veum and Bauknecht, 2019
O4 Climate change Brudermann et al., 2015
O5 Multi-functionality of biomethane Brudermann et al., 2015

  Threats  

T1 Potential dilemma with other RES Daniel-Gromke et al., 2018
T2 Low social acceptance Brudermann et al., 2015
T3 Schemes time-limited Horschig et al., 2019
T4 Food vs fuel dilemma Brudermann et al., 2015
T5 Feed-in-tariff depends on policy Brudermann et al., 2015

Source: Adapted by D’Adamo et al. (2020).
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information, and the AHP aims to rank and prioritize them. The 
experts have provided a total of 50 pairwise comparisons, of 
which 40 were obtained referring to local priorities and 10 refer-
ring to category priorities. Once the different responses were 
received, the first step was to verify that indeed the CR was lower 
than 0.10.

In order to aggregate all the data, it is necessary to note that all 
the experts were assigned the same relevance. We proceed to 
aggregate all the weights associated with the local priority of the 
SWOT factors and the category priority of the SWOT groups. At 
this point, it is possible to obtain the average value for both local 
priority and category priority. The next step is to calculate the 
global priority for each SWOT factor.

Feedback from experts

The survey consists of a second phase in which an interview is 
conducted to examine the results proposed in the first phase. We 
would like to point out that in the initial email invitation, it was 
specified that the survey consisted of these two phases and an 
indicative time frame in which it would be carried out was indi-
cated. It comes them anticipated to them via email the result 
obtained asking comments on the results through a video call. 
The duration is about half an hour, and the question of analysis is 
what indications they identify from this analysis to encourage the 
development of biomethane in a country that does not have a 
development of this renewable source.

Results

This article aims to provide an overview of the biomethane 
industry by providing not only managerial but also policy assess-
ments. MCDA-AHP is proposed as a methodology for this pur-
pose. The category priority evaluation is proposed in the first 
sub-section, whereas the local priority in the second sub-section. 
Aggregating these weights, it is possible to calculate the global 
priority in the third sub-section. A second phase of the survey is 
conducted in which the results are proposed and asked to evalu-
ate if these factors are able to support the development of new 
markets (in the fourth sub-section).

The assessment of category priority

Supplemental Table A2 proposes all the values obtained by the 
experts, identifying the average value associated with the cate-
gory priority (Table 2). For privacy reasons, it should be noted 
that the number assigned to the expert does not coincide with the 
number proposed in the previous section. For example, the expert 
no. 1 assigns the greater weight to the opportunities (40%, i.e. 
0.40) and to follow there are threats (0.30), strengths (0.20) and 
weaknesses (0.10).

The results show that unlike the previous analysis (D’Adamo 
et al., 2020), the experts’ opinions do not identify two distinct 
groups. It is likely that the development of biomethane in recent 
years has led to this result, and it is worth highlighting that the 

factors classified as ‘advantage’ have a percentage weight of 
59.5% greater than those classified as ‘disadvantage’ at 41.5%. 
In particular, all the experts agree in assigning the highest value 
to opportunities, which obtains an average value of 0.3775. 
External factors tend to have greater weight than internal ones 
(65% vs 35%). Experts during the survey have highlighted that 
what weighed on this choice were the factors present within the 
category. So the approach used was to grade all five factors per 
category, which explains why the external component received 
more attention. Also probably playing a key role is the expand-
ing sector seen as a solution to climate change and as support-
ing the green transition. These aspects are seen as changes 
coming from the outside world. Moreover, another observation 
is that to balance the judgement between the ‘advantage’ side 
and the ‘disadvantage’ one, the second category is that one of 
the threats with a medium value of 0.2750. The same approach 
is proposed also for the internal factors: strengths with 0.2175 
and weaknesses with 0.1300.

Finally, the direct comparison with the previous analysis has 
shown that opportunities and strengths have gained 0.1465 and 
0.0545 as an average. At the same time, the other two sources 
have decreased: weaknesses −0.1230 and threats −0.0078.

The assessment of local priority

The analysis is carried out at the level of each individual category 
(strengths, weaknesses, opportunities and threats), where the five 
factors are compared to each other. It should be noted that again, 
the number of the expert does not correspond to what is proposed 
in the previous section.

Strengths

Supplemental Table A3 aggregates the local priority for the 
SWOT quadrant associated with the strengths (average values 
are proposed in Table 2). The results show that the factor consid-
ered most important is not the same for experts: nine of them 
prefer S5, whereas S2 and S4 are chosen as priority by seven and 
four experts.

However, the results show that among these three factors, the 
numerical values identify a non-marginal difference. In fact, the 
factor considered most important is S5 (additional source of 
income) with 0.3050, preceding S4 (recovery/selling of addi-
tional products) and S2 (utilization of available resources) with 
0.2650 and 0.2600, respectively. The CE is not only linked to the 
recovery of waste but also to its valorization. In this way, it is 
possible to obtain an additional income. At the same time, this is 
verified if the plant turns out to be profitable. Economic analyses 
on the subject stress that this occurs in the presence of multiple 
critical variables such as the presence of subsidies, type of sub-
strates and size of plants (Baena-Moreno et al., 2021; Cucchiella 
et al., 2019). It should be noted that for some substrates, such as 
organic fraction from municipal solid waste, have specific reve-
nues to be managed. The order of ranking is consistent with what 
was proposed in the previous analysis; however, if the factor S5 
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sees its weight reduced slightly, there is a significant growth of 
the other two factors S4 and S2. Experts believe that the concept 
of CE asks for the contribution of these aspects, since it is not 
only a matter of producing energy but also a matter of recover-
ing all the potential components (e.g. digestate and food-grade 
CO2), and at the same time, the potential is more significant 
since it deals with resources currently available and not recov-
ered. Thus, it ties into the concept of unrealized shared value. 
The growth of these two factors also corresponds to a significant 
reduction of the other two factors: S1 (Number of actors 
involved) and S3 (Technical requirements well-known).

Weaknesses

Supplemental Table A4 aggregates the local priority for the 
SWOT quadrant associated with the weaknesses (average values 

are proposed in Table 2). The results show that the factor consid-
ered most important is not the same for experts: more than half 
(12) of them prefer W4, whereas W2 and W5 are chosen as prior-
ity by 3 experts. Last two experts opt for W3.

The results clearly show that the local priority associated with 
W4 (uncertainty of subsidies) is the most relevant with 0.2925 
and has a higher value than that proposed in the previous analy-
sis. The issue of subsidies has played a key role in the develop-
ment of the sector (Baena-Moreno et al., 2020), since the green 
transition requires a conversion of the energy mix. It has been 
highlighted above how economic analyses depend on this varia-
ble; therefore, its variation definitely affects profitability. In par-
ticular, its instability can increase the risk, driving away potential 
investors. The W3 factor (lack of awareness) registers a 0.2200, 
a slight increase, as the theme of information campaigns to pro-
mote good consumer practices is a very important issue. In 

Table 2.  The average value is expressed in relative terms normalized to 1.

Category Priority

  Strengths Weaknesses Opportunities Threats  

Average value (new analysis) 0.2175 0.1300 0.3775 0.2750  
Average value (previous analysis) 0.1630 0.2530 0.2310 0.3530  

Local priority (strengths)

S1 S2 S3 S4 S5

Number of actors 
involved

Utilisation 
of available 
resources

Technical 
requirements 
well-known

Recovery/selling 
of additional 
products

Additional source 
of income

Average value (new analysis) 0.0775 0.2600 0.0925 0.2650 0.3050
Average value (previous analysis) 0.1490 0.1820 0.1670 0.1900 0.3120

Local priority (weaknesses)

W1 W2 W3 W4 W5

Quality of 
technical 
parameters

Low financial 
strength of 
small plants

Lack of 
awareness

Uncertainty of 
subsidies

Inadequate raw 
material

Average value (new analysis) 0.0650 0.2125 0.2200 0.2925 0.2100
Average value (previous analysis) 0.1560 0.1530 0.2030 0.2670 0.2210

Local priority (opportunities)

O1 O2 O3 O4 O5

Can be blended 
with natural gas

Reduced 
dependency on 
energy imports

Targets/
constraints to 
reach

Climate change Multi-functionality 
of biomethane

Average value (new analysis) 0.0900 0.2975 0.2125 0.3150 0.0850
Average value (previous analysis) 0.1570 0.2030 0.2540 0.2410 0.1450

Local priority (threats)

T1 T2 T3 T4 T5

Potential dilemma 
with other RES

Low social 
acceptance

Schemes time-
limited

Food vs fuel 
dilemma

Feed-in-tariff 
depends on policy

Average value (new analysis) 0.1275 0.1425 0.2125 0.2100 0.3075
Average value (previous analysis) 0.1390 0.1270 0.1900 0.1720 0.3730
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particular, the literature that social acceptance increases when 
local use of resources is used (Fedorova and Pongrácz, 2019). A 
very significant growth is registered by the W2 factor (low finan-
cial strength of small plants). Also in this case, economic analysis 
allows us to define that large plants have significant advantages 
in terms of profitability. However, CE practices suggest the rele-
vance of having an energy mix composed of small plants for 
which it is also appropriate to favour different incentives 
(D’Adamo et al., 2021). In particular, the issue is even more felt 
in a perspective of energy communities. The W5 factor 
(Inadequate raw material) shows a slight reduction but such as to 
push it from second to fourth place for this specific category. On 
this aspect, it is advisable that incentive systems protect sub-
strates that actually provide a sustainable advantage proven by 
life cycle analysis. Factor W1 (quality technical parameters) is 
not relevant since the technology is suitable for mixing biometh-
ane with natural gas.

Opportunities

Supplemental Table A5 aggregates the local priority for the 
SWOT quadrant associated with the opportunities (average val-
ues are proposed in Table 2). The results show that the factor 
considered most important is not the same for experts: more than 
half (11) of them prefer O4, followed by O2 with 8 experts. 
Another expert chooses O3.

This category shows that experts believe that biomethane 
(but in general, the analysis concerns all renewable energies) 
has the objective of promoting actions and practices to combat 
climate change and to reduce geopolitical risks by producing 
energy internally. The idea that the green revolution has started 
late seems evident, given the climate changes that all citizens 
can witness. However, not all countries have understood the 
magnitude of the problem. Sustainability is seen as a competi-
tive advantage for businesses (Appolloni et al., 2022) and the 
development of renewable energy can lead to the achievement 
of sustainable goals (Malik et al., 2019). The strong price fluc-
tuation in the energy sector, particularly during the period cov-
ered by the survey, probably prompted many experts to 
highlight the relevance of this factor. It is a strategic lever in 
national energy plans, but then often its relevance can be over-
shadowed because it is not possible to quantify in numerical 
terms the relevance of producing energy internally and no 
longer depending on external actors and especially being able 
to better regulate market turbulence. The ranking places the 
factor O4 (climate change) with 0.3150 followed by the factor 
O2 (reduced dependency on energy imports) with 0.2975. 
These two factors, and in particular O2, are up on the previous 
analysis. The O3 factor (targets/constraints to reach) moves 
from the first to third place, reducing its weight, but maintain-
ing a weight of 0.2125. The idea that seems to emerge is that 
renewable plants are also implemented in order to meet the 
imposed targets, but these are not the driving elements. On the 
other hand, O1 (can be blended with natural gas) and O5 

(multi-functionality of biomethane) are of little importance, 
even if their weight has a decreasing value.

Threats

Supplemental Table A6 aggregates the local priority for the 
SWOT quadrant associated with the threats (average values are 
proposed in Table 2). The results show that the factor considered 
most important is not the same for experts: more than three quar-
ters (16) of them prefer T5, followed by T4 with 4 experts.

The last SWOT quadrant highlights that the T5 factor (feed-
in-tariff depends on policy), which came first in terms of global 
priority, has lost some points of relevance, but is still the most 
relevant among local priorities with 0.3075. This data could be in 
contrast with what was seen previously in which emphasis was 
placed on the role of subsidies. However, the key to interpretation 
may be another. This factor remains relevant in the eyes of the 
experts, but its reduced relevance can be explained as the devel-
opment of the sector in various markets may have led to a reduced 
dependence on the incentive system. This aspect is typical of 
renewable sources that begin to be competitive by reducing their 
costs. Later, we found factors T3 (schemes time-limited) and T4 
(food vs fuel dilemma) with a weight of 0.2125 and 0.2100, 
respectively. The presence of a subsidy value plays a key role, but 
so does its time duration. Political instability and changes in gov-
ernment policies can push companies/investors into uncomforta-
ble situations where the risk components are drastically changed. 
Application of the sustainable hand concept can reduce this effect 
(D’Adamo et al., 2022). However, the history of some countries 
has shown that biomethane development should not involve sub-
strates that could be diverted from other uses. The relevance of 
growth related to the energy sector is paramount, but the rele-
vance of growth related to food is equally important (Jackson 
et al., 2021). Factors T2 (low social acceptance) and T1 (potential 
dilemma with other RES) are seen as less relevant.

The assessment of global priority

The final step of the analysis is to rank all the SWOT factors. In 
particular, Table 3 proposes a comparison with previous work 
(D’Adamo et al., 2020) since an important role of decision analy-
sis is also to provide a time trend. Figure 2 shows the comparison 
of the delta average value. Thus, for example, the factor O4 
shows an increase of 0.0634 in terms of global priority and 
0.0740 as local priority.

The first result that emerges is that the position in the ranking 
of all the factors has been modified. In the previous analyses, it 
was specifically analyzed how the weight of individual venues 
has changed, but what significantly influences the new ranking is 
the weight of the category priority. Among the top five factors, 
we found four factors related to biomethane ‘advantage’ side that 
increased from 39.4% to 59.5%, of which almost 38% associated 
with opportunities. This determines that O4, O2 and O3 occupy 
the first, second and fourth positions. This depends on the local 
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priority that sees the three factors equal to around 83% of the 
total in their quadrant. The same happens for the strengths (in 
which we find S5 in fifth position). On the other hand, the first 
three factors have a weight of around 73% in the other two quad-
rants, but it should be noted that in the case of weaknesses, the 
fourth factor is very close to the third.

The category priority does not imply a better result in terms of 
global priority. The distribution of local priority is fundamental. 
For example, the last factor of threats (T1) precedes the last two of 
opportunities (O1 and O5). In particular, we find the T5 factor in 
third position (while it was first) and then, among the ‘disadvan-
tage’ factors, there are the T3 and T4 factors in sixth and seventh 
position. None of the weakness factors are in the top 10 positions.

The second result that emerges is the methodological one, as 
the work expresses in detail how multicriteria analyses and eval-
uating their trend over time allow to support decision makers. 
The delta category priority is able to change the sign of perfor-
mance between the delta global priority and the delta local prior-
ity. For example, the factors S5 and O3 are considered less 
important in pairwise comparisons with the other factors in their 
quadrant, but an increase in their category priority also leads to 
an increase in global priority. An opposite situation occurs for 
the factors W2, W3, W4, T2, T3 and T4, which present an 
increase in their weight in their respective quadrants but lose in 
global priority due to the reduction associated with the ‘disad-
vantage’ side of biomethane.

Discussion

Experts believe that biomethane is viewed with more confi-
dence as it has proven to be a renewable source capable of 

making a decisive contribution in the green transition in which 
all countries are called upon to play their part. In particular, 
there has been a focus on the key role that CE practices can 
bring. On the one hand, economic sustainability must be veri-
fied by a reduction in costs (difficult to imagine in undeveloped 
markets) and revenues in which subsidies play a fundamental 
role. However, policy choices have a fundamental impact. The 
values of incentives should be measured on the basis of actual 
environmental benefits; therefore, analyses are required that 
testify to actual environmental sustainability. It should be noted 
that in this interpretation, a clear distinction should be made 
between the urgency of green energy and that associated with 
food. Energy cannot take away land for food production activi-
ties, but it is necessary to use all available and uncultivated 
areas. Subsidies should therefore support only those substrates 
that continue in that direction. In addition, particular attention 
has been paid to the size of the plant. As highlighted in the lit-
erature (Baena-Moreno et  al., 2020; D’Adamo et  al., 2021), 
small plants deserve special attention because their role will be 
strategic in less densely populated areas or where there is less 
availability of substrates. This aspect leads to social sustainabil-
ity, as citizens are required to be self-sufficient and therefore 
should take responsibility for the waste they produce. Citizen 
involvement is therefore considered important. However, it is 
the task of the policymaker to reward good practices through 
benefits to be reaped in good waste collection practices and by 
encouraging industrial symbiosis models, since sharing 
resources can be a competitive advantage in the face of resource 
scarcity or inflationary phenomena. Biomethane is not competi-
tive with other renewable forms because there is a need of all 
renewable sources. Its flexibility is a key element because 

Table 3.  Global priority of SWOT factors.

SWOT factors New analysis Previous analysis

Value Ranking Value Ranking

S1 Number of actors involved 0.0169 19 0.0243 20
S2 Utilization of available resources 0.0566 9 0.0297 18
S3 Technical requirements well-known 0.0201 18 0.0273 19
S4 Recovery/Selling of additional products 0.0576 8 0.0309 17
S5 Additional source of income 0.0663 5 0.0509 9
W1 Quality technical parameters 0.0085 20 0.0395 13
W2 Low financial strength of small plants 0.0276 16 0.0388 14
W3 Lack of awareness 0.0286 15 0.0513 8
W4 Uncertainty of subsidies 0.0380 11 0.0676 2
W5 Inadequate raw material 0.0273 17 0.0558 6
O1 Can be blended with natural gas 0.0340 13 0.0362 15
O2 Reduced dependency on energy imports 0.1123 2 0.0468 11
O3 Targets/Constraints to reach 0.0802 4 0.0586 5
O4 Climate change 0.1189 1 0.0555 7
O5 Multi-functionality of biomethane 0.0321 14 0.0335 16
T1 Potential dilemma with other RES 0.0351 12 0.0490 10
T2 Low social acceptance 0.0392 10 0.0449 12
T3 Schemes time-limited 0.0584 6 0.0670 3
T4 Food vs fuel dilemma 0.0578 7 0.0608 4
T5 Feed-in-tariff depends on policy 0.0846 3 0.1317 1
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allows it to be used in different applications. However, particu-
lar attention should be paid to the transport sector, where there 
are currently greater demands to counteract the use of fossil 
fuels and where there is potentially less availability of energy 
resources. This work underlines the need to have good waste 
collection and synergies between different actors

Another interesting result is to see a more responsible attitude 
whereby these plans are not developed just because there are tar-
gets to be met, but also why it is necessary to do so. It is worth 
emphasizing how the desire for energy independence can play a 
stronger stimulating factor than the target to be met. The higher 
energy costs can be reduced if companies are also self-sufficient 
from an energy point of view. Certainly, the effort is great, but the 
challenge of the green transition is epochal and calls for a very 
important change of pace. Subsidies are important, but their rel-
evance may be likely to decline provided that political stability is 
assured. In addition, subsidies should not be provided for fossil 
sources but only for actions that actually produce benefits to pro-
tect ecosystems. CE models aim at an effective and efficient use 
of resources, and biomethane can valorize a variety of wastes 
providing sustainable benefits.

There is a need to create an energy model that minimizes for-
eign dependence and reduces geopolitical risks. At the same 
time, the choice of energy suppliers is desirable not to be based 
on a single supplier such as to reduce energy problems in times of 
serious crisis, such as that which is determined by the conflict in 
Ukraine. Sustainability is a challenge that cannot be postponed, 
but the transition is also based on the use of gas as not all coun-
tries are ready to rely solely on the use of renewable sources. The 
results of this work can be applied in all those contexts where the 
biomethane sector is not developed and the circular bioeconomy 
is an enabling factor for sustainability.

Conclusions

Biomethane is a virtuous example of a circular bioeconomy, 
which is seen as an enabler towards sustainability. The current 
crisis caused by the conflict in Ukraine has pushed prices up dra-
matically with negative repercussions on citizens and businesses. 
However, the presence of speculative phenomena is evident, and 
politics could take action by lowering prices in order to protect 
social welfare. The use of fossil fuels needs to be reduced, but 
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where there is a risk that some productive activities will come to 
a halt or that citizens will pay very high prices, the sustainable 
transition can provide for their use. The important thing is that 
this does not reduce the development of renewable sources.

The time evolution of the sector is important, and this work 
continues a research activity in which a new panel of experts, not 
limited to Europe, is considered. The objective is to extend good 
practices in new markets providing managerial implications. 
However, the work has some limitations since the specific analy-
sis of substrates can lead to the identification of other factors and 
new business models, also providing comparisons among these 
elements. However, geopolitical risk drives the use of all sub-
strates that support domestic green gas production as long as 
these substrates meet sustainability requirements. The future 
direction of the work may tend towards social analyses in which 
the public opinion on these renewable sources is assessed, com-
paring the perception among different countries and cooperative 
models (e.g. energy communities and industrial symbiosis) 
should be conducted in which different production realities could 
collaborate with each other to exploit economic advantages and 
reduce environmental impact. Furthermore, the purpose of use 
should be compared, depending on the country’s needs in differ-
ent sectors. This work has confirmed how biomethane is a source 
of circularity of resources and its valorization allows to reduce 
the level of emissions, reduce geopolitical risks, develop new 
economic opportunities and create forms of social aggregation.
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