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Abstract

:

The necessity to enhance multicriteria decision in the industry is challenging to support the current energy policy. European Union regulations and guidelines provide the guideline for minimalizing environmental harms but are not enough in their actions for providing effective sustainability assessment. None of the available standalone assessment methods do capture the comprehensibility of multicriteria decision-making. The aim of this paper is to demonstrate a challenge to incorporate the multicriteria sustainability decision-making method to mainstream energy policy, which is lacking in European Union policies. The novelty of the research lies in constructing a multicriteria sustainability approach for assessing energy technologies performance for embodying into a mainstream energy policy. In this study, the multicriteria decision-making—an approach combining life cycle-based methods, analytical hierarchy process, as well as macroeconomic analysis, was used to demonstrate the applicability of the method based on three photovoltaic technologies. The results showed that sustainability assessment supported with multicriteria decision allows to better understand analyzed factors influencing the energy technology, contributing to selection of the best sustainability technology according to the realization of an energy policy. It was proved based on a real example of photovoltaics, where string ribbon technology represents the most sustainable along its life cycle, with a 0.503 sustainability score. The study highlighted the challenge to embody the integrated method assessing sustainability-oriented technologies into an energy policy. This challenge regarding example evidence places emphasis on the decision-making process to realize an energy policy and in consequence, to improve enterprise sustainability performance.
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1. Introduction


Rapidly growing demand for natural resources combined with constantly increasing technological progress have resulted in adverse changes in the environment, which in turn influence general human prosperity or wealth generation. International organizations and governments concerned with such situations have been debating the environment, sustainability, and promotion of an energy policy in many documents for many years [1,2,3,4].



Since national authorities aim to respect these documents, an energy policy gains importance in connection to its assessment methods, becoming a catalyst in economic growth and social development in all countries. The significant role of modeling tools for sustainability assessments influencing sustainability and policy-relevant issues was discussed in [5]. The existing energy policies which draw attention to the energy use from renewable sources providing CO2 emission limit targets [4] came under criticism by [6] but neither consider the sustainability of energy systems nor any assessment methods. This fact opens room for potential initiatives for drawing decision-making approaches meeting the sustainability concept. Integration of assessment methods contributed to support the selection of decision-making processes for sustainability as stated in similar papers [7]. Hence, a need for enabling potential action to adopt an integrated sustainability assessment method within the energy policy at the regional and national levels is still missing.



Many MCDA methods based on life cycle analyses are very popular and mostly used for assessing technology [8,9,10], energy systems [11,12,13], or to support decision-making processes for energy technology selection [14,15] or energy projects [16]. Other methods based on fuzzy logic used more sophisticated calculations for sustainability evaluation [17,18,19].



Having the above-mentioned background, an increase in awareness of the implementation of the sustainability initiatives related to renewable energy is required to be undertaken with respect to economic, social, and environmental dimensions. In this context, ensuring those dimensional criteria impose to develop methodological assessment approaches to support multicriteria decision processes for energy sustainability. Some studies assessed technology performance from the environmental point of view only [20], others dealt with the economic assessment [21], social impact assessment [22], or integrated insight [23]. Some papers examined the regular assessment methods (Energy Management Evaluation or tax policies) broadly from the environmental management perspective [24,25], but those assessment models are too complex to assess energy technology accurately in addressing the targeted industry. This paper provides a review of various MCDM methods examined in Section 2. A development in this field has been done by allowing to consider the application of renewables in a specific macroeconomic decision situation over MCDM techniques.



Although many sustainability assessment frameworks and tools have been examined [8,26,27,28,29], none of them do integrate macroeconomic analysis, sustainability issues, and life cycle assessment within the renewable energy multicriteria approach simultaneously, especially in the context of energy policy. No comparable methods were examined in the relative literature. That is why this paper presents a sustainability assessment that focuses not only on trade-offs between environmental, economic, and social aspects while producing the energy by renewables, but on their whole life cycle—from raw material extraction to the final disposal. The assessment may be performed by selecting measurement indicators proclaimed by the EU energy policy or developed by scientists and applying them to the mainstream energy policy [30].



Therefore, this study fulfills an existing research gap concerning the lack of renewable sustainability assessment considering macroeconomic analysis in the current MCDM frameworks. The presented assessment approach is based on a combination of life cycle sustainability analysis (LCSA), AHP, PESTLE within the MCDM framework. In this paper, the PESTEL was used to reach a trade-off prior to the start of the ranking of technologies through the AHP to be assessed within LCSA. A way of sustainability assessment is LCSA used to evaluate impacts caused during the product life cycle. Because the LCSA deals with numerous criteria, measures, and indicators, they are grouped and contained within the three dimensions of sustainability (environmental, economic, social). Then, the sustainability criteria are directly connected to decision-making processes that find the trade-offs between them and support the selection of the most sustainable technologies [8]. The AHP was used to provide the interdependence of criteria and finding a solution to complex multicriteria problems [16].



Even though there are numerous examples of multicriteria-based decision processes, multifaceted challenges still exist in order to support energy policy in its feasibility (Table 1). Considering challenges, the authors’ intention is to develop a multicriterial, integrative approach in order to effectively assess and choose the most appropriate energy technology alternative embraced within MCDA to incorporate into the mainstream energy policy. This method, which has not been treated yet, also addresses features considering a relationship between economic, environmental, and social issues within one unified methodological sustainability approach.



The novelty of the study relies on an attempt to construct a multicriteria sustainability approach for assessing the three photovoltaic technologies’ performance for embodying the mainstream energy policy, which lacks in the EU current policy. This approach combines several methods based on macroeconomic analysis (PESTEL), weighting for finding dependencies between criteria and their indicators, and LCSA, which are framed into the energy decision-making cycle, will facilitate the assessment and selection of appropriate energy technology. The presented model outlines the novelty through:




	−

	
the inclusion of the sustainability assessment approach in mainstream policies,




	−

	
the incorporation of several methods that have not been considered before as a whole to build a structured, standardized, and systematic sustainability assessment (4STech) for energy technology selection,




	−

	
taking into account a macroeconomic perspective,




	−

	
showing the sequence of making the sustainability assessment for technology.









In addition to the novelty, the necessity of doing research on the integrative approaches combining sustainability and supportive multicriteria decision-making methods was stressed by researchers [19]. The motivation of the study is to: (1) design a formal method for technology selection that can help to develop and implement energy policy complying with European Union and United Nations standards; (2) address the lack of a standardized method for assessing the sustainability of technology; (3) define the effect of sustainability assessment on the local economy and companies; (4) intend a proposal method to be incorporated into national energy policies to encourage the industrial plant to act actively; (5) enumerate limitations to the integrated framework.




2. Literature Review on Sustainability-Oriented Energy Technology for Supporting Energy Policy


2.1. Revealing Sustainability-Oriented Energy Technology Assessment


Sustainability is the leading development concept providing to meet “the needs of the present without compromising the ability of future generations to meet their own needs” coming from the ‘Our Common Future’ report, and balancing economic growth, environmental protection, and social equality dimensions within Elkington’s triple bottom line [32].



A huge discussion in extant literature on the area of the sustainable assessment methods to support decision-making was performed [33,34] starting its own “adventure” with the life cycle assessment (LCA), life cycle sustainability assessment (LCSA) through integrated methods. However, the limitations of LCA provide difficulties in the identification of the most relevant impact factors [35]. Hence, a combination with others methods, involving weighting of criteria, like multicriteria decision making (MCDM), overcomes complicated problems with various influential factors [36] and uncertainty in estimating criteria weights [37]. LCSA as a joint-venture of LCA-based methods was designed to evaluate a scale of environmental, economic, and social changes, taking into account product systems’ life cycle [17,28]. Life cycle analysis (LCA) and life cycle costing (LCC) give the quantitative measures for economic and environmental issues respectively, while social life cycle analysis (SLCA) presents social concerns representing qualitative and semi-quantitative measures. Thanks to LCSA, separate LCA, LCC, S-LCA can be applied independently but if coupled with other methods under specific feasibility (consistency) conditions like data envelopment analysis (DEA), PESTLE, analytical hierarchy process (AHP) create LCA-based benchmark for sustainability verification. This combination of the recently very promising LCA with a non-parametric linear programming tool like DEA found applications in various sectors in the last years [28,29,30,31,32], giving a solid framework for starting an energy sustainability assessment.



The robustness of the LCA (methodical features) provides for a modeling approach and possibilities to choose LCSA methods under a certain condition (e.g., justification of choice made). The advantage of the robust LCA over other ones is its data-driven methodology and if combined with the relevant methods, it might provide a holistic view for sustainability policy. Features like functional unit, system boundary, quality data arguably strongly affect the results of considered studies (Sala et al., 2016). Moreover, LCSA measures require consideration of numerous indicators that might have different levels of significance. Because of that, to make an authoritative assessment, it is advised to incorporate multicriteria decision-making (MCDM) tools. A classification of MCDM models used in energy planning together with their extensive review was carried out in [36]. Dong et al. (2019) proposed an extended MCDM model to rank the energy systems [11]. Different combinations of MCDA are based on integration of the existing methods with expert opinions like AHP. The use of the AHP showed a challenge in the evaluation of the efficiency of energy policy and even with the combination of MCDM methods [38].



A more sophisticated method, which is the neutrosophic multi-objective optimization on the basis of ratio analysis technique framed in MCDA for comparing achievements in development of sustainable energy, was used. Amongst multicriteria approaches, the VIKOR (Vlse Kriterijumska Optimizacija Kompromisno Resenje) method is widely used in the energy-related decision-making process, e.g., for evaluating applicability of a sustainable plant [39], energy system [10]. Together with other ranked methods like TOPSIS, AHP, ANP (e.g., TOPSIS-AHP [40], ANP and VIKOR [41]; fuzzy VIKOR and AHP [42] were employed for impact analysis or to assess the alternative energy-related problem (e.g., energy technology, renewable sources, energy policy, production plant, etc.). A number of reviews have prompted the design of fuzzy-based approaches such as fuzzy AHP, TOPSIS, VIKOR which can be used for determining weights for sustainability criteria in selection energy resources [10].



Apart from the above-mentioned hybrid methods, Cinelli et al. (2014) depicted the possibility of the application of PROMETHEE, AHP, MAUT [27], and ELECTRE or integrated (e.g., AHP and PROMETHEE) for assessing sustainability performance against sustainability criteria [43]. Table 2 summarizes some of these studies on decision-making methods used in the related research areas.



For the purpose of this paper, the analytical hierarchy process (AHP) was chosen for weighting criteria. This decision was backed by the scientific comparison of various MCDM methods. The study conducted on 4712 publications determined that AHP was the most commonly used tool in the context of the energy sector [51]. This approach seems particularly useful when comparing and selecting different technologies. Although MCDM suffers from uncertainties in assessment [47], different criteria levelling (weight deviation) and evaluation accuracy [52], but if combined with other methods, e.g., LCA, TOPSIS, fuzzy sets overtake disadvantages over the standalone ones in MCDM problems.



Additionally, no research was carried out to show an integrated method consisting of PESTEL, LCA-based approaches, and AHP to assess and rank energy technology, especially photovoltaic panels. Although many studies treat LCA and AHP as energy systems, PESTEL was not found as compatible for integration with another MCDM approaches. PESTEL is designed to primarily analyze possible energy technologies to select these renewable energy technologies that should be treated in further steps. PESTEL as a macroeconomic tool is used to analyze the political, economic, social, technological, legal, and environmental company’s situation. In this context, PESTEL is used in the model as a supportive decision in selection of the energy technology, revealing multiple impacts from a separate category in the external environment.



Because renewable energy technologies are sustainability-oriented, it is not known which type of technology is the most appropriate of the options. Therefore, an integrated assessment method should be an appropriate methodology to handle this selection problem. On the other hand, the MCDM methods can help avoid vagueness/imprecise of quantitative indicators and uncertainty in their calculation by involving the domain expert’s judgements in the decision-making process [53,54]. Hence, it was reasonable to apply values for sustainability criteria and their sub-criteria (indicators) [55] based on preferences of different individuals, researchers, plants’ decision makers, stakeholders, from the relevant scientific articles. Having the above-mentioned concerns, a challenge is to support a decision-making process for enhancing energy policy. This in turn could solve a few conflicting sustainability factors. The assessment method integrates PESTEL to prioritize technologies among energy renewables and the AHP for ranking I level-criteria and II level criteria by examining sustainability indicators (environmental, economic, and social) to be used in life cycle sustainability assessment to select the best energy solution. Within this method, the AHP allows the use of criteria values assigned by scientific individuals based on their preferences developed after reviewing literature and the plant’s judgements.



Based on the comparison of the corresponding multicriteria decision-making methods for supporting sustainable energy policy, this paper highlights distinctly a research gap of the lack of a structured, standardized, and systematic sustainability assessment method which is helpful to provide a rational technology selection in the sustainable energy decision-making cycle.




2.2. Problem Statement


In the light of the reviewed literature, the authors define multifaceted problems in the technology assessment in terms of sustainability for the photovoltaics field, the fulfillment of which determines the possibility of the development of the energy policy and strengthen renewables sector through the implementation of the integration method. The following problems are:




	
The lack of integrated methods considering macroeconomic insight/views on renewable technologies. Additionally, multicriteria methods do not consider/treat macroeconomic perspective in themselves;



	
Decisions makers like governments do not take into consideration the potential for applying assessment methods into mainstream energy policy, not only at the national level but also in local industrial communities,



	
Governments do not offer supportive model/procedure for assessing the sustainability of technologies, especially renewables;



	
The lack of incorporation of a structured, standardized, and systematic sustainability assessment (4STech) for energy technology selection, especially in the target sector.








Facing the current problem and future EU initiatives related to renewable technologies, this research justifies the necessity of embodying this integrated model in the future energy policy of various countries.





3. Materials and Methods


This section describes a conceptual and methodological energy-anchored sustainability assessment framework for enhancing energy policy. A procedure depicts an iterative, structured sequence of activities, being a combination of LCSA, AHP, and PESTEL for assessing technology sustainability in terms of energy (see Figure 1). In this case, the authors, taking the advantages of these methods into account, demonstrate a multicriteria decision-making procedure for the sustainability assessment of renewable technologies. The applicability of the method is verified based on selected photovoltaic technologies. The methodological framework is seen as a comprehensive chain of tools and actions. This framework consists of four main steps, all of them are based on the original ISO 14040 standard [56,57] and integrates the following methods: (1) LCSA, which is concerned with products and systems assessment during their life cycle; (2) AHP, which aims to support the decision-making process by taking various criteria into consideration.



Methodology for Energy Technology Assessment


A suggested energy-anchored sustainability assessment framework, as seen in Figure 1, is described as follows:




	
Develop a context of technology assessment for enhancing energy policy. At the initial stage, the context of the study is identified, providing information about a specific goal and scope. In addition, system boundaries, assumptions, and limitations are sketched. In this part, sustainability aspects that are affected by the energy sector are allocated to a macroeconomic analysis using PESTEL. Incorporating this analytical tool, PESTEL, into the “partial” stage methodology allows for understanding a landscape environment for the energy industry, influencing sustainability through the deployment of the political, economic, social, technological, legal, and environmental factors. These factors correlate with technologies that influence industrial sustainability, leading to determine “the strength and weaknesses of the different production pathways” [35]. For clarification, this step provides information with which energy technology should be analyzed and ranked in the next stages;



	
Define energy technology alternatives. This stage of the study suggests energy technology alternatives as a result of PESTEL analysis (see Table 3), so that it is comparable in three scenarios. Further, these alternatives are assessed in terms of sustainability to select the best type of energy solution (here photovoltaic module). Within this stage, an overview of technical information is also provided, consisting of (1) a product/system description with a list of its alternatives with their characteristics; (2) functional units that will represent the performance of the system under analysis; as well as (3) system boundaries, limitations (e.g., data availability), and assumptions (e.g., region to be considered), for the LCSA;



	
Analyze data collection using life cycle inventory (LCI). It collects the energy-related data from primary and secondary sources. Primary data are measured directly by the organization. Two experts were assigned (one operational manager and one employee and a scientist) for conducting the study. It usually comes from the companies’ databases regarding its production performance in environmental, societal, and economic context. Meanwhile, the secondary data can be gathered from companies’ stakeholders, e.g., suppliers. Additional sources of information can be derived by the organization from industry interviews, scientific literature, specific databases, or using statistics;



	
Rank technologies. Prioritization is conducted for the alternatives of photovoltaic modules. This phase encompasses two steps:




	
Identify criteria impact assessment. The identification of categories is based on the sustainability dimensions. Each sustainability dimension is being analyzed in the context of standalone methods—life cycle assessment (LCA), social life cycle assessment (SLCA), and life cycle costing (LCC) respectively. For LCA, a vast variety of environmental (sub-)criteria can be obtained by the application of the well-developed methods for life cycle impact assessment on sustainability, such as Impact 2002+, ReCiPe, TRACI2.0 (Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts) [8,58,59]. These methods enable the transformation of life cycle collection data into a set of environmental indicator values. LCC costs might entail pre-production, production, and post-production costs. In the LCC, criteria that describe the added value should also be included. These are net present value or return on investment. For the social dimension, some possible indicators should be used. Literature contains a wide variety of indicators that can be applied in social LCA. In this context, decision-makers assigned to the study can select criteria on the basis of organization’s circumstances and their preferences. In this case, aspects to be measured are characterized by a very wide scope. They can be addressed to single workers as well as to society as a whole, on which organization can exert impact. There is just a few guidelines with examples of social indicators, all of them are gathered and presented in article [22]. These criteria differentiate various stakeholders and assign different criteria to them. Since impact categories were defined, associated criteria staying in line with predefined sustainability dimensions are identified. The determination of sustainability criteria was carried out based on Table 4 and Table 5.



	
Define criteria’s weights using the AHP. The data concerning different criteria are described by various units and scales. Therefore, all the present values must be converted into a dimensionless and unitary equivalent, using “benefit function” or “cost function” [60]. At this point, weights of the criteria and normalized data are provided. Then, the normalized values of each criterion must be multiplied by the corresponding weight value (level II weights), achieving the criterion score. The final result for each of the selected alternatives consists of the sum of partial results for every sustainability dimension multiplied by its relative weights (level I weights).













	
Once the appropriate data concerning the impact of selected criteria is collected, the importance of each of the criterion must be determined, by assigning corresponding weights which are determined by AHP. This process consists of a few steps presented in [61]. The prioritization is defined using Saaty’s scale [61]. In order to verify a consistency of decision-makers’ evaluations, the consistency index (CI) is calculated. When relative weights of criteria are determined, and consistency of the evaluations are provided, the mean relative weights should be calculated. It can be performed by averaging the relative weights, calculated by each of the decision-makers and for every criterion;






	5.

	
Perform impact assessment. This step of the methodology accounts for the LCSA evaluation for impact assessment, integrating LCA, LCC, SLCA. A calculation procedure is based on criteria selected in the previous step (3.2). At this level, all the data required to the evaluation needs to be normalized and analyzed with regards to the weights developed in the previous step;




	6.

	
Interpret results and analysis. Results of the assessment will be investigated in accordance to the stated goal of the study. Moreover, the discussion on the assessment and its ‘outcomes are provided.









4. Results from the Study


The following section provides results from the application of a sustainability assessment methodology for different photovoltaic module technologies. These types of renewable energy sources were selected on a basis of conducted PESTLE analysis.



4.1. Defining the Goal and Scope


The proposed assessment is based on the real case from the industrial plant obtaining subsidies from Polish public institutions. In order to fulfill the requirements for governmental support, it needs to incorporate a goal of becoming an industrial plant shifted towards sustainability. To meet this objective, the company decided to implement an assessment method for choosing the most appropriate renewable technology for their facility. The initiative of the company was to check which type of selected renewable technologies is characterized by the highest level of compliance to the environmental, social, and economic issues. Due to the attempt of starting with the sustainability assessment, the company decided to use the data from the available scientific literature. This study was not based on individual data from specific manufacturers. The reason behind it is the fact that the performance of selected technologies produced by different organizations may vary and that would make the assessment not represented within the context of general technology evaluation. Therefore, the assessment was conducted upon relevant aggregated data (criteria weights and scores) that were available in various reports, research papers, and publicly accessible academic datasets [62,63]. Boundaries for the life cycle sustainability assessment concentrate on the crystalline silicon solar cells including crystalline polycrystalline (multi-Si), monocrystalline (mono-Si), and string ribbon (ribbon-Si) solar panels (see Figure 2).



The analysis was conducted with respect to Poland and European conditions. In comparison to two other alternatives, the solar energy was selected as the alternative with the highest potential and a subject of the further analysis. This statement that solar energy is the optimal source of renewable energy was highlighted in the following research [65].




4.2. Define Energy Technology Alternatives


In the PESTLE analysis, the following renewable energy resources were selected: solar power (S), bioenergy (B), and wind energy (W) as they are the most intensely growing renewable resources industries globally in terms of generated electricity. The conducted PESTLE analysis is presented in Table 3.
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Table 3. PESTLE analysis for selected renewable energy sources.






Table 3. PESTLE analysis for selected renewable energy sources.





	
Political

	
S

	
The Polish PV industry is actively supported by the government, for instance, governmental activities are aimed at strengthening national energy security by focusing on foreign dumping prevention in the domain of solar energy. There are also numerous public programs focusing on solar energy development that target domestic businesses—such as Energia Plus or PolSEFF2.




	
W

	
Even though Poland has one of the biggest wind farms capacity in EU, the situation of the domestic wind power market is difficult [66]. Current regulations have effectively stopped growth in the industry that is stale since 2016.




	
B

	
Bioenergy related regulations are influenced by European Union directives (such as RED developed by European Commission) that aim at the development of biogas and biofuels as it may diversify energy sources and increase national energy security [67].




	
Economic

	
S

	
Photovoltaics are characterized by the highest rate of weighted-average levelized cost of electricity (LCOE) of utility scale—82% over 2010–2019 in comparison to two other alternatives [68]. In 2020, the year to year Polish market turnover growth reached 25% [69].




	
W

	
As of 2016, installed capacity in the wind energy industry was about 5.8 GW, in 2020 6.3 GW. The industry growth in recent 4 years is negligible compared to the previous period. Due to strict regulations, investors are not eager to enter the industry and prefer to locate the investment elsewhere [70]. Very high investment costs per one turbine—from 268,817 to 806,450 USD [71].




	
B

	
Biomass industry had the highest real economic and market potential [72]. Poland consists in 60% of agricultural land that makes biomass easily available [66]. The investment costs amount to a minimum of 13,440 USD up to up to few hundred thousand USD [71].




	
Social

	
S

	
In the photovoltaic sector, there were 3100 people employed in 2020 in Poland [73]. According to the European Social Survey from 2016, 87% of Polish citizens would like a large amount of electricity to come from solar energy, making it the most popular option of renewable energy sources in Poland [74].




	
W

	
In the Polish wind energy sector, there were 3000 people employed in 2020 [73]. According to the European Social Survey from 2016, 82% of Polish citizens would like a large amount of electricity to come from wind energy, making it the second most popular option of renewable energy sources in Poland [74].




	
B

	
In the Polish bioenergy sector, 29,600 people were employed in 2020, which ranks this industry the highest in comparison to alternatives in terms of employment [73]. According to the European Social Survey from 2016, 53% of Polish citizens would like a large amount of electricity to come from biomass, making it the fourth most popular option of renewable energy sources in Poland [74]. Potential biomass land use might compete with food generating agriculture areas, impacting social stability [35].




	
Technological

	
S

	
Average panel lifetime is 30 years [75]. Requires little maintenance during its lifetime [76]. In recent years, number of patents within the domain of solar energy has been constantly growing. In year 2016, the amount of submitted patents related to solar energy reached 200,000, making it the most innovative renewable energy source in that matter [77].




	
W

	
Expected wind turbine lifetime is 20–25 years [76]. In recent years, a number of patents within the domain of wind energy has been constantly growing. In the year 2016, the amount of submitted patents related to wind energy reached 100,000, making it the second most innovative renewable energy source in that matter [77].




	
B

	
Biomass generator expected lifetime is 20,000 h (approx. 2 years) [78].In recent years, a number of patents within the domain of energy gained from biomass has been constantly growing, but not as rapidly as two other analyzed sectors. In total, the number of patents related to gaining energy from biomass is considerably lower than the number of patents in alternative sectors analyzed in this paper [77].




	
Legal

	
S

	
Photovoltaic investments are being supported by public funds via dedicated programs that target domestic enterprises, i.e., “Energia Plus” loan program for small and medium enterprises.




	
W

	
Building a wind power generator requires long waiting time for authorizations and construction permits [71]. Permits also depend on topographic geology [79]. Investments in clean energy, including wind energy, are co-financed by the National Fund for Environmental Protection and Water Management.




	
B

	
Legal regulations in the domain of generating energy from biomass is unclear [71].




	
Environmental

	
S

	
Most PV modules types do not emit any pollutants that might be harmful towards the environment (with minor exceptions of CIS and CdTe modules that might carry slight risk) [80]. Production of the latest generation of PV modules requires a considerable amount of bulk materials which makes the process energy consuming. The upside is the possibility of even distribution across the country as Poland has a quite uniform sun irradiance [66]. During PV’s operation, there is no noise [81].




	
W

	
Wind turbines may impact wildlife safety, especially birds. Because wind generators produce electric and magnetic fields, radar or television reception can be destructed. The presence of wind turbines also increases the possibility of being struck by lightning. Additionally, wind turbines generate noise during their operation.




	
B

	
In contrast to other renewable energy resources, biomass emits greenhouse gases and pollutants. If biomass is obtained from no waste resources, it requires water and land use for its growing [82].









There are two main types of cell technology—crystalline silicon and thin film. In this paper, the crystalline silicon-based solutions are being examined as they are the most commonly used [83]. There are three main categories of crystalline silicon used in PV modules production: monocrystalline silicon (mono-Si), polycrystalline silicon (multi-Si), and string ribbon (Ribbon-Si), which is part of the polycrystalline silicon family [84]. These three types of technology are compared and assessed in terms of proposed framework.




4.3. Analyze Data Collection


In life cycle assessment, primary data that come from the online available EcoInvent database are used. These data are used as an input for impact calculations conducted by the WebService-Energy tool, measuring environmental performance of PV systems. It provides the impact assessment for photovoltaic systems which are small-scale plants of 3 kWp capacity. These concern PV modules which are laminated, integrated, and installed on a roof with 30 years of operation system lifetime. For the sake of the assessment, it was assumed that the analyzed modules are located in Poland.




4.4. Identify Criteria Impact Assessment


The first level criteria are sustainability dimensions, while the second level criteria were selected with use of the guidelines provided by the European Technology and Innovation Platform for Photovoltaics. The weights of criteria are secondary data that have been determined on the basis of scientific research. The detailed justification and explanation of how the weights were derived for each of the criteria level are presented in Table 4 and Table 5 showing the criteria hierarchy as a part of the AHP.
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Table 4. Weights of I level criteria.
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I Level Criteria

	
Weight

	
Source

	
Justification






	
Environmental

	
0.333

	
[85]

	
In the analysis, two other dimensions were also taken under consideration. They were excluded as not relevant. By using proportional calculations, the new weights were obtained.




	
Economic

	
0.350




	
Social

	
0.317








Source: Own elaboration.
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Table 5. Weights of II level criteria.






Table 5. Weights of II level criteria.





	
Dimension

	
II Level Criteria

	
Weight

	
Source

	
Justification






	
Environmental

	
Acidification

	
0.061

	
[85,86]

	
By exclusion of inapplicable criteria and calculating relative importance based on original percentages, new weights have been established.




	
Climate change

	
0.592




	
Ecotoxicity

	
0.143




	
Mineral, fossil & ren depletion

	
0.204




	
Economic

	
Energy payback time

	
0.444

	
[87]

	
Energy payback time and life cycle energy cost take the whole life cycle under consideration, whereas capital costs represent singular costs though, even though high, are rather short-term concern. Even though capital costs are considered as individual expenditures linked to assets that guarantee operational status of the system, in a long term, in which solar systems are considered, they are of lesser importance than a continuous long-term stream that is represented by energy payback time and life cycle energy cost. Additionally, the importance of energy payback time and life cycle energy cost are assumed to be equal since they are both based on the same ratio between energy that was consumed during the life cycle and the energy that was produced by the system. The difference between them is due to the various points of views and corresponding contexts. Hence, they present equal importance (which equals 1 on the Saaty’s scale). Therefore, capital cost is moderately to strongly less important than energy payback time and life cycle energy cost (which equals 1/4 on the Saaty’s scale).




	
Life cycle energy cost

	
0.444




	
Capital cost

	
0.112




	
Social

	
Human toxicity (cancer)

	
0.421

	
[86]

	
By exclusion of inapplicable criteria and calculating relative importance based on original percentages, new weights have been established.




	
Land use

	
0.316




	
Human toxicity (non-cancer)

	
0.263








Source: own elaboration.











Priorities of indicators are very often a crucial strategic data that a given company wants to protect by all means. Because the gathering of such data is a rather difficult task—various institutions do not want to share their decisions, regulations and the knowledge that gives them a competitive advantage. To keep the current study valid, the weights of criteria have been determined on the basis of scientific research. In the case of determining weights of sustainability dimensions, research was used that aimed to assess solar photovoltaic technologies using hierarchical decision modeling [85]. The opinion regarding the criteria priority was determined through organizing an expert panel with nine people experienced in the photovoltaic industry. For criteria included in the environmental and social dimension, another study was used. In this case, the paper has presented sets of weights that could have been applied in the midpoint impact categories—which are exactly the weights that were selected in this study [86]. The weight was determined on the basis of judgments gathered within a stakeholder panel, including producers, users, and LCA experts, then calculated using the AHP. In the case of economic criteria, the subjective priorities were made based on desk research [87].




4.5. Perform Impact Assessment and Interpretation


Figure 3a and Table 6 shows the performance measurement of selected PV modules concerning each sustainability dimension. The results depict that each of the assessed PVs hold the same position for each of the dimensions. The general measurement outcome (0.503) suggests that the best technology—string ribbon—exceeds other ones in every of the analyzed sustainability dimension. The analogical relation applies for the worst of the analyzed alternatives.



For the environmental dimension, ribbon-Si scores 0.151, multi-Si—0.144, while mono-Si amounts to 0.129. When it comes to the social concern, the results are similar to each other, ribbon-Si equals 0.144, and Si—0.132, while mono-Si is 0.127. The biggest differences in scores can be seen within the economic dimension, where ribbon-Si is 0.208, and multi-Si—0.171, while mono-Si scores 0.090. The value of the string ribbon in this case is significantly higher than for the monocrystalline PV (almost twice higher). The relations between the selected modules and sustainability scores are depicted in Figure 3b.



From the selected technologies, the highest score is obtained by the string ribbon PV technology with a score equal to 0.503. The second-best modules in line with the study assumptions are multicrystalline silicon photovoltaics (0.447). Monocrystalline silicon PV is proven to be the least sustainable with the score equal to 0.346. This value is significantly lower than the results obtained by the alternative technologies.





5. Discussion


The results showed that the best sustainability energy module was achieved by string ribbon technology. It amounted to the best outcomes gaining the highest sustainability result (0.503 vs. 0.447 vs. 0.346). The least sustainable product occurred to be monocrystalline silicon photovoltaic modules, with a slightly worse outcome on the environmental and social dimensions, but with a significantly smaller score when it comes to the economic aspects. The biggest differences between the results for each of the selected photovoltaics are observed within the economic dimension. In this case, string ribbon PV has also been proved to provide the best performance. The main characteristic of these type of photovoltaic cells is found in their production process, generating the least material waste. It is 57% smaller than in the case of string ribbon PV. The outcomes of the assessment can be used for selecting the photovoltaic modules which resulted in the sustainability technology.



The findings of the study can provide useful information to energy policy decision makers at a national level to transform fossil fuels into cleaner energy, a more sustainable energy system (Wu et al., 2018), thus fostering the implementation of the energy union strategy [88].



One of the multifaceted challenges was to overcome a limitation in embodying the multicriteria decision for maximizing the energy policy, involving policy makers in the technology assessment. A supportive role of the integrated MCDM approach was aimed at providing a diagnosis of the macroeconomic situation. Thanks to that, practitioners can make a choice of a right sustainable technology.



The intention of the paper undoubtedly was the need for the unification of sustainability technology assessment in order to apply into mainstream energy policy, not only at the national level, but to activate support local industrial communities. This challenge fills in the existing gap, which lacks in the current energy policy in most host countries [89]. Table 7 presents future challenges and opportunities facing assessment in terms of its field of future impact on energy policies.



While examining many sustainable assessment tools, it becomes obvious that multicriteria decision-making methods must be required to assess energy technologies, dedicated to implement them in the mainstream of energy policy in consequence. This method may allow for solving a particular “energy” problem based on the functions defined by the national authorities. For this reason, a design of the assessment method for the energy-efficient policy which contributes to the EU’s strategy is possible with multidisciplinary studies, starting from the emergence of the idea of new energy-anchored business models oriented on sustainability objectives.



This approach may be treated as a multidimensional technique to join many separate, independent methods to support involved stakeholders in a decision-making process.



The method can be perceived from two points of view: (1) requires a centralized overview by looking at the whole picture of technology and (2) “partial insight” by scanning the three domains of sustainability. These dimensions might be treated and visualized individually. A decision on which “version” of the method will be taken, should belong to the plant’s decision-makers. Due to its holistic view, it might help decision-makers to better understand the idea of the application and to be better informed by providing local reporting, which can include data of how a given company meets the sustainability requirements or improves its sustainable performance.



Another possible use of the method is to determine which aspects of a given product need improvement. However, one must bear in mind, that not only the life cycle sustainability assessment which was used in this study, but in general, sustainability evaluations, are highly dependent on the criteria or indicators that in most cases are selected subjectively. Therefore, the assessment conducted in this study will only be useful if for the subject using the evaluation the same or similar criteria will be significant.



When trying to assess general market trends or product families, like in the aforementioned study, it is not enough to focus on the data coming from single producers but from the whole sector. In such situations, the collection of data might be rather time-consuming and generally more difficult. At the same time, comparison of specific products, for instance, specific models of PV modules, should not be as problematic as it does not require as much data and additional normalization that is implied by numerous sources specifying different characteristics in different units and measures.



In order to ensure the accuracy of the assessment numerous criteria should be used. The more criteria will be considered, the more authentic evaluation will be. It can lead to the necessity of searching through dozens of indicators, which can consume a lot of time. The most problematic dimension to be measured concerns social aspects. This problem was identified in many research papers, showing that social impact values are difficult to determine [90]. It may be mainly due to the lack of recommendations concerning criteria selection. Moreover, social aspects strongly depend on a region, local customs, and habits, which are unable to be compared between multiple cases.



The general problems and challenges that were recognized during this study correspond to the data availability. The biggest reason behind this is the fact that producers do not tend to publish data concerning their products as it might be used against them in the competitive market. Potential competitors might take advantage of public data. Hence, it is really hard to acquire verified information. That is the reason why aforementioned challenges regarding data limitations have occurred.



5.1. The Effect of Sustainability Assessment on the Local Economy and Companies


The study provides industrial plants with measures aimed at contributing their commitment to sustainability. It can also give useful data of companies’ data to energy decision-makers with which they can change their energy policy, and in consequence, shift national energy policy towards the transition respecting cleaner energy. Every industrial plant can contribute to energy sustainability by using tools, if implemented institutionally, to enhance its energy performance. The integrated MCDM-approach combining LCA-based methods and PESTEL may be used by researchers and practitioners of methods. The added-value of the method is to support local companies in their effective management of environmental, economic, and social issues, thus supporting the further development of energy initiatives at the local and national levels. On the contrary, the paper delivers a fresh look at PV market by analyzing it from different perspectives: PEST, MCDM-based assessment. Moreover, some suggestions could be proposed to build PV market sustainably. Thus, energy assessment could be a starting point for sustaining energy/making policy in a more effective manner.




5.2. Designing Procedure for Sustainable Assessing Energy Technologies


Due to the lack of analytical methods in the current energy policy, the challenge was to embody the developed sustainability assessment which helps in finding interaction between technology and the diverse energy policies. The applied methods in the integrated approach could be useful to select the best alternative technology or manufacturing processes by providing an optimum solution due to precise decisions. The assessment model presented in the paper plays a vital role as it can become a procedure for applying the method in regional or national energy strategy structures. Introduction of this approach could be a vital idea to supply the set of the evaluation approaches used for assessing energy effects or performance in an effective way. It creates a base for decision-makers to select appropriate tools.



If the difficulties in the multicriteria decision-making process appear, it might be addressed mainly by public administrations that are expected to implement a proposed evaluation mechanism in market regulations and criteria of subsidies and energy auctions.





6. Managerial Implications


With regard to managerial practice, the proposed integrated sustainability assessment method might provide industrial plants a tool/model for exploring sustainability features in energy technologies and making decisions related to its selection, evaluation, and management. When embodied within the energy policy, the model offers procedural assessment, which can be adopted and upgraded according to company-specific needs benefiting through the enhancement of company competitiveness. In addition, long-term growth and future investment for the industries might be prioritized.



Many of these companies will benefit most from the energy assessment model, especially by small and locally-owned companies, which will have to face LCA-oriented energy assessment increases in the future dictated by the EU.



On the other hand, the model gives information for companies to understand the possible negative effects of technology, therefore allowing them to reduce technology impact on the natural environment, increase social awareness, and maintain economic resources at the same time. Thanks to that, companies may contribute to improve their sustainability performances. Furthermore, by developing new assessment weights through the proposed model, practitioners can benchmark as reference points to those weights examined by researchers in the literature. In this case, companies could be assisted by creating a catalog that incorporates different target-oriented assessment criteria. This catalog can be regularly analyzed, updated, and interpreted related to the characteristics of energy technology.



The use of the proposed energy sustainability assessment method might be also beneficial for companies responsible for developing a sustainable energy policy, whose objective is to formulate a sustainable assessment method with its corresponding energy criteria. Even though the multicriteria sustainability assessment might be a beneficial challenge, it is an undertaking that clearly corresponds to the long-term development guidelines set by international organizations such as the United Nations or the European Union.




7. Conclusions


The research was intended to design an original, integrative multi-decision approach, supporting the assessment of the technologies performance for embodying the mainstream energy policy energy, simultaneously addressing the literature gap with regards to the lack of a sustainability assessment approach incorporating macroeconomic analysis in the multicriteria decision-making model. The assessment model was examined based on the real example of photovoltaic modules.



The results revealed the applicability of the sustainability technology assessment to support the making-decision process. The real example evidence gives the emphasis on the decision-making process to realize energy policy and in consequence, to improve enterprise sustainability performance. The assessment model solves multifaceted problems defined in Section 2.1 by delivering the aggregated and comprehensive sustainability assessment model to support the decision-making process for energy policy.



Additional research should be undertaken to consider the whole solar sector for renewable sources to confirm the applicability and usability of the proposed model in many industrial plants. In doing so, the model will be incorporated in mainstream energy for the automatization decision-making process. This model might be extended to provide the comparable analysis by using fuzzy impact criteria assessment [18,91] and then strengthen by using sensitivity analysis [92] for the final decision or simulation, such as the Monte Carlo analysis. This simulation could solve the problem of uncertainty, vagueness in the decision-making process including environmental, economic, and social issues as well as technical information [53,54]. The study has outlined that the integrated approach might be embodied in MCDM as an inherent and suitable approach for sustainable energy multicriteria decision-making. This simple and efficient approach due to its comprehensibility of the computations may support decision-makers in their decision-making processes to select the right technology alternatives. On the other hand, it may be treated as a transitional tool to help in the assessment of energy technology towards energy sustainability [55].



A data-driven business model for collecting and managing real weights from the industries should be built in the future and updated periodically. This model further should be verified on the company‘s performance-based analysis.



Limitations of such an approach include high time and other resource costs for data collecting and conducting in-depth analysis like LCSA. The model provides a tool that might be incorporated within energy strategies, but it is not a panacea for sustainability challenges. Moreover, this model relies on data availability, hence data collection is a crucial yet difficult and time-consuming task.
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Figure 1. Schematic diagram of multicriteria decision-making approach for life cycle sustainability assessment. Source: own elaboration. 
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Figure 2. Boundaries for the life cycle sustainability assessment (redrawn with significant changes based on [64]). 
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Figure 3. The scores for the selected PV technologies: (a) The scores concerning sustainability dimensions; (b) The relations between the selected modules in terms of environmental, economic, and social scores. Source: own elaboration. 
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Table 1. Multifaceted issues: drivers, challenges, and opportunities for supporting energy policy.
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Drivers

	
Challenge

	
Opportunities






	
Scientific soundness

	
Lack of analytical methods in the EU current energy policy

	
Develop a sustainability method for assessing energy technology which helps find interaction between technology through influencing factors and the divers of energy policy.




	
Use of weights in assessment methods based on scientific community

	
Capability of handling the weights using criteria values assigned by scientific individuals based on imprecise qualitative and quantitative data based on [27].




	
Support decision making by integration other methodologies

	
Integrate assessment methods to achieve better interpretation thanks to the unified sustainability framework and find out further methodological development [8].




	
Availability and utility

	
Use of simplicity in a structure of assessment methods

	
Possibilities to present and interpret the results of assessment in multifaceted context depending on selection of alternative and manage them [31].




	
Regulation issues

	
Provide harmonics in terms of energy technology assessment

	
Provide a procedure for embodying the energy sustainability assessment method into mainstream of energy policy.








Source: own elaboration.
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Table 2. Survey of selected scientific papers using decision-making methods for a sustainability assessment of energy technologies.
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	Methods Used
	Area of Research
	References





	ANP
	Ranking of renewable energy resources using 5 indicators
	[39,44]



	ANP and VIKOR
	MCDM-based evaluation of renewable energy sources
	[41]



	VIKOR and AHP
	Assessment of energy production technologies
	[42]



	TOPSIS and AHP
	Selection of sustainability-oriented technology; maintenance strategy selection in hydroelectric power plants
	[40]



	Fuzzy TOPSIS
	Assessment of hybrid energy systems
	[45]



	LCA and AHP
	Sustainability assessment of power plants
	[46]



	LCA and MCDM
	Sustainability assessment for (renewable) energy technologies
	[8,27,47]



	LCSA (LCA + LCC + SLCA)
	Sustainability impact assessment of the biofuel and biomass using quantitative indicators related to environmental, economic, and social issues
	[28,48]



	DEA and LCA/DEA and energy LCA-based approach
	Sustainability assessment of energy systems
	[49,50]



	Hybrid multicriteria decision-making approach—PESTEL and AHP and SLCA
	Sustainability assessment of energy technology for enhancing decision using classical criteria and 10 indicators based on
	the authors







Source: own elaboration.
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Table 6. Sustainability score for each of the selected PV technologies in terms of environmental, economic, social.
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	Mono-Si
	Multi-Si
	Ribbon-Si
	Weights
	Mono-Si
	Multi-Si
	Ribbon-Si





	Environmental
	0.386
	0.433
	0.453
	0.333
	0.129
	0.144
	0.151



	Economic
	0.258
	0.488
	0.594
	0.35
	0.090
	0.171
	0.208



	Social
	0.401
	0.415
	0.454
	0.317
	0.127
	0.132
	0.144



	
	
	
	
	Final score
	0.346
	0.447
	0.503







Source: own elaboration.
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Table 7. Identification of energy related challenges and opportunities.
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	Challenges
	Opportunities
	Challenges
	Opportunities





	Regulation issues
	Provide consultants who trained industrial companies how to assess energy technologies
	Lack of professional experience
	Opportunities to learn sustainability assessment based on another companiesand effective supervision



	Finance (Lack of funds)
	Presence of foreign funds and supported government of projects
	Inadequate preparation of technology assessment
	Opportunity to learn from the experienced company in assessment



	Transformation into energy 4.0
	Emergence of Internet of Things (IoT technologies) in smart energy metering
	Energy systems network
	Energy system based on block chain technology







Source: own elaboration.
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