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Abstract

:

The financial evaluation of renewable energy sources (RES) projects is well explored in the literature, but many different methods have been followed by different authors. Then, it is important to understand if and how these methods have been changing and what factors may have driven new approaches. Therefore, this article aims to explore the publications on the financial evaluation of RES projects from 2011 to 2020 and to present a critical analysis of the reviewed literature. The methods for evaluating RES projects were grouped into four categories: (i) traditional metrics based on net present value, internal rate of return, and payback period; (ii) levelized cost of electricity; (iii) return on investment approach; and (iv) real options analysis. A quantitative analysis was carried out considering aspects related to the relevance of the authors, productivity by country, and the most relevant journals for each of these groups. Then, a qualitative analysis of the main characteristics of the five most cited articles in each group was conducted. The results show that the more traditional methods are still widely used for the financial evaluation of RES projects. However, approaches based on the levelized cost and real options have been growing in importance to tackle the complex features of financial evaluation and comparison of RES projects.
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1. Introduction


Despite the global increase in renewable energy sources (RES) investments associated with economic and population growth [1], few studies have presented a comprehensive evaluation mechanism for RES projects, mainly due to the multiplicity of variables capable of influencing the viability of these endeavors. Therefore, building models that allow an efficient and holistic measurement is a difficult task [2].



The development of tools for valuing renewable energy-generation projects is essential to encourage the undertaking of these initiatives. The study of RES represents a relevant field of research not only because of the foreseen technical developments but also because of the multidisciplinary approach needed to assess these projects from the social, environmental, and financial perspectives. The doubts about the feasibility of continuous investments in energy infrastructure based on fossil fuels have contributed to stimulating new frontiers for studies related to renewable energy projects [3].



Most large RES projects are financed in the Project Finance category and have a high demand for long-term capital. The main characteristics of this type of financing structure is the use of the project’s own cash flow and the creation of a specific and legally independent company, the Special Purpose Vehicle (SPV), to carry out the project [4]. Several methods can be used to measure the financial performance of a project, such as its cash flow analysis, revenue evolution, market share growth, among others. However, the option for project finance to finance large projects in renewable energy generates additional transaction costs due to the complexity of its formatting. This reality requires an additional effort for identifying methods capable of efficiently measuring its performance [5].



Despite the existence of important research focused on the theory of evaluating RES projects [6,7], the literature does not fully explore a combined analysis of quantitative and qualitative elements or discuss the methodologies most used by a given technology or in a specific region. In addition, there are a few studies that focus on critical reviews on the evaluation of RES projects [8,9], but the complementarity of the evaluation approaches and their relation to RES development still require further analysis. Thus, this work will contribute to a better understanding of the methods and indicators directed towards the financial assessment of RES projects. Namely, it contributes to RES project practitioners to identify the most used evaluation methods and those most suitable for their particular case. Moreover, the analysis contributes to a better understanding of the development of these methods over time and in different regions of the world showing also how these evaluation techniques are interconnected and being used in different projects. By doing this, we aim not only to present the state of art in what concerns the financial appraisal of RES projects but also to show how these methods are affected by the RES development and devise some possible paths for future research.



To contribute to filling this gap, this paper seeks to answer the following research question:



Is it possible to discern a change in the use of financial methods to assess the viability of RES investment projects over the last decade?



Although the focus of this study is the evaluation of RES projects, the reviewed indicators are widely used to evaluate projects in other areas [10,11], for example, use the LCOE to assess the cost-effectiveness of improving energy efficiency, portraying the costs and impacts of energy efficiency policies to support decision-making, policy analysts, and energy program managers. Other examples of cost-related indicators include the minimum fuel selling price (MFSP) commonly used for measuring the economic viability of biorefineries [12]. However, given its specificity for the biofuel sector, the MFSP will not be included in the review.



The remainder of the paper is organized as follows. Section 2 presents the main project evaluation techniques used in this review. Section 3 describes the research methodology used to obtain the paper database and its analysis. Section 4 presents the results of the quantitative and qualitative analyses. These results are then discussed in Section 5. Finally, Section 6 draws the main conclusions of the paper and gives directions for further research.




2. Project Evaluation Techniques


To help decision-makers invest in RES technologies, it is essential to have reliable indicators capable of measuring a project’s total performance, comparing it with the feasibility of other alternatives. Several tools are used to measure the feasibility of RES projects. For example, Ramadan et al. [13] applied net present value (NPV) combined with an annual Return on Investment (ROI). NPV can also be used as a standalone tool or combined with the Internal Rate of Return (IRR) [14]. Carneiro and Ferreira [15] also explored the use of NPV associated with IRR and Payback Period (PBP) while Talavera et al. [16] applied NPV with IRR and Levelized Cost of Electricity (LCOE).



Although most of the current studies on the feasibility of RES projects are based on the use of more than one indicator, the classic NPV has been the most popular indicator for evaluating investments in general [17,18]. However, the long-term investment characteristic of RES projects can compromise the reliable application of traditional indicators to measure viability [19,20]. The NPV represents the total value of the project at the current value, considering a discount rate that reflects the risk at which the investor demands to be remunerated [21]. NPV is considered the most theoretically reliable tool from a financial perspective since it measures value creation [17].



Another indicator widely used in RES projects is the IRR, expressed by the interest rate for which the project’s NPV is zero. When the future cash flows of a project are discounted using the IRR, the present value of cash outflows equals the present value of cash inflows [22]. IRR is generally used with the NPV in the evaluation of projects [23]. Ref. [24] discussed the IRR and argues that joint with NPV, it represents the second measure of the project profitability. It is based on a non-dimensional scale while NPV represents a monetary quantity.



The Payback Period (PBP) is an indicator that aims at expressing the time to recover the investment in a project. The PBP is the number of years or months necessary for the gross value of the inputs and outputs to be equal [16]. PBP can be used with or without considering the time value of money. When this is taken into account, the method is called the Discounted Payback Period, otherwise is frequently called Simple Payback Period. Despite its easy understanding and usability, PBP disregards existing cash flows after the investment is recovered, and is a very limited tool for decision making [25].



Another approach to measuring the feasibility of RES projects is based on cost analysis. In this approach, it is possible to identify the concepts of Cost of Electricity, also called Cost of Energy (COE) [26] or Levelized COE (LCOE) [27], defined as the average cost ($) per kWh of energy produced by the system [28]. Aussel et al. [29] claimed that the LCOE indicator is widely used for energy projects, and Siddaiah and Saini [30] highlighted LCOE as the preferred indicator for minimizing the lifecycle cost of a project. Although several studies are adopting the present value view of project costs, [31] demonstrated that LCOE represents not a discounted metric but rather an undiscounted metric. Moreover, the author argues that the present value approach of costs excessively penalizes projects with a longer life cycle. However, the LCOE remains a fundamental metric widely disseminated among the energy industry, academics, and organizations (see, for example, [32,33,34,35].



The ROI, defined as the annual cost saving over the invested capital [28] or as the annual average net profit over the invested capital [36], is also a common criterion used for analyzing the economic viability of RES projects [28]. Although ROI is strongly linked to NPV in investment valuation [17], some studies use these two indicators as complementary metrics [36]. Other papers highlight that the ROI parameters may not incorporate the time value of money [37], and, for this reason, the metric could be used as an independent financial parameter. A variation of ROI is the Energy ROI (EROI), defined as the proportion of the plant’s usable energy over the energy invested in the plant [38], which will not be considered in this paper.



Given the need to value the managerial flexibility of projects in light of a future of uncertainty and change, some tools can be explored. Real options analysis (ROA), which seeks to price the future uncertainty of these projects, can be used as an indicator that complements traditional metrics based on a deterministic cash flow [39]. The real options theory has been applied with increasing frequency to the evaluation of RES projects [40,41,42]. Decisions are assumed to be fixed in the traditional analysis of investments through discounted cash flow, not allowing managers to expand or retract investments beyond the initial project estimate [39]. The term real options is used to express the options that are embedded in investment opportunities, such as suspending, postponing, or abandoning the investment, and reducing or expanding the scale of operations [43]. ROA can be considered a complementary tool in the analysis of project feasibility. Ref. [41] compared the traditional NPV method to the expanded NPV method that considers the flexibilities of a specific project. The authors concluded, as expected, that the value of NPV using ROA is greater than the traditional calculation since a real option can give flexibility and then add value to the project.



Table 1 summarizes these project evaluation techniques including the simplified equations for their calculation and some of the main related concepts/ideas. Although different categorizations of the financial evaluation methods have been proposed in the literature [9,29,44,45], in this paper those methods are grouped in four categories, for the qualitative analysis purpose: (i) Traditional Project Evaluation Methods (TPEM), expressed by metrics that evaluate the viability of projects by discounting cash flows: NPV, IRR and Payback period; (ii) Cost analysis approach, represented by the Levelized Cost of Energy (LCOE); (iii) Return on Investment (ROI); and (iv) Real Options Analysis (ROA) that takes into account in the decision-making process the managerial flexibility associated with the investment decision.




3. Materials and Methods


According to Haddaway and Macura [47], a literature review needs to generate some relevant scientific evidence, which goes beyond the collection of studies and their respective syntheses. In this sense, this study brings elements capable of assisting decision-makers in the valuation of RES projects, highlighting the main uses and limitations on the methodologies used in this field and where they would more suitably be applied.



Some limitations may be assigned to a literature review study, such as (i) lack of detailed methods enabling reproducibility, (ii) inclusion of studies based on authors’ familiarity, and (iii) different decisions based on the individual options of the reviewers, among others [47]. This work seeks to overcome these limitations by presenting a detailed research method based on four specific steps using a systematic and replicable approach.



3.1. Quantitative Analysis


The quantitative analysis of the articles follows a bibliometric approach. There are at least two main procedures in building a bibliometric analysis. The first, performance analysis, seeks to evaluate groups of authors and the impact of their activities. The second, scientific mapping, aims to express the cognitive structure of a study, presenting its structural and dynamic aspects [48,49].



The most influential authors in a research area can be identified using indicators that measure their influence on a given theme from the number of published works [50]. The h-index proposed by Hirsch [51] is defined by the largest number h of papers by an author that received at least h citations. The h-index considers both the number of publications and their impact on individual authors’ performance measurement, summarizing citations and publications into a single reference number [51,52].



However, the difficulties in capturing the contribution of authors with common names, the existence of differences between research fields in the typical values of h, and their insensitivity in situations where articles are cited rarely or very frequently have contributed to the proposal of new alternative metrics [53]. For instance, the g-index proposed by Egghe [53] and the hg-index proposed by Alonso et al. [54] sought to improve the performance measurement of the authors in publications of a particular field of research.



The g-index is an indicator that expresses the most cited articles by an author in a rank of articles arranged in descending order with the most cited g-articles having at least g2 citations altogether [53]. However, these indicators focused on the authors’ performance analysis, besides their relations in a certain thematic field, have little analytical scope in terms of the performance of the research fields themselves, in a conceptual way [49]. The thematic analysis requires, then, the identification of keywords that express the structure of relationships among the researched themes.



In addition, Lotka’s law, which indicates an inverse exponential scale of the number of articles per author, can be used to further measure scientific productivity. Few authors tend to publish a large number of articles in a given area of knowledge while most authors publish a small number of papers [50]. Potter [55] pointed out that, when there is a coverage period of 10 years or more, Lotka’s law can be a useful metric.




3.2. Qualitative Analysis


For the qualitative content review, the five most cited studies from each of the four categories previously analyzed were addressed. A higher number of citations should express the higher paper diffusion and recognition in the scientific community. However, we acknowledge that this option might bias the analysis since papers published at a longer period of time tend to have a higher number of citations, ceteris paribus. As only papers published in the last 10 years were included in the review, we assume that the time bias can be mitigated.



The discussion presents the main sources of RES studied in the most relevant studies of each group. It will also discuss a regional view, indicating the main authors’ affiliation, as well as a temporal approach, addressing the years in which these works were published.



Following the example used by Geng et al. [56], the frequency of keywords in each group was analyzed. With this, it was possible to identify the most important topics in the field of the financial evaluation of RES projects. It was also possible to identify the focus of the most relevant papers in what concerns the most used methodologies and even the RES cases/technologies addressed. For the four groups of methods, a critical analysis of the five most relevant works, selected as those with a higher number of citations, was undertaken to better understand the use of financial project appraisal methods and the combination of these methods. The geographical coverage of the studies and their technical focuses were also analyzed to discuss the alignment of scientific studies with market conditions.




3.3. Research Method


The data for this research was collected in July 2020 using a four-step approach:



Step 1: Search conducted in the Scopus database with the keyword “Renewable Energy”, its plural variation, and the keywords chosen as selection criteria for this research, detailed in Table 2.



Step 2: Only articles in the English language, finalized, published in journals, in the period from 2011 to 2020 (July) were chosen.



Step 3: Quantitative bibliometric analysis of the articles in each researched group.



Step 4: The five most relevant articles were analyzed based on the most cited papers for a qualitative and critical analysis of their content.



The operational procedures are summarized in Figure 1.



These operational procedures ensure then that this study is transparent, in the sense that all activities are reported, it may be reproducible, the reviewed papers were included according to their relevance for the field of study, and the eligibility choices are based on a prior protocol from the definition of keywords selected according to a previous analysis of the literature.





4. Results


Following the proposed research methodology, this section presents first the main results of the quantitative analysis and then the results of the qualitative analysis.



4.1. Quantitative Analysis


This includes the analysis of the intersections of articles included in the four categories of financial evaluation methods for RES projects and the individual analysis of the papers included in each category. For the individual study, the annual rate of publication, the most preeminent authors, countries, and journals in terms of publications and citations were analyzed.



4.1.1. Intersection Analysis


The analysis was carried out without excluding any articles from each group. Therefore, due to their scope, articles may appear in different groups, as shown in Figure 2.



Figure 1 and Figure 2 show that LCOE and TPEM represent the two most important categories of papers including close to 85% of the papers included in step 2. Figure 2 highlights the intersection of different groups, which may be seen as a proxy for the complementarity assessment of the different methods. The following points can be highlighted from the intersection analysis:




	
ROI is frequently used independently of other methods. The initial search identified 156 papers using ROI for RES evaluation, and, of those, only one was combined with TPEM, four were combined with LCOE, one included both LCOE and TPEM, and one included both ROA and TPEM.



	
The initial search identified 512 papers for LCOE. Of those, 455 did not include other methods for financial evaluation, but 51 were combined with TPEM, four with ROI, one with both ROA and TPEM, and one with both ROI and TPEM.



	
The initial search identified 921 papers for the TPEM, but, of these, 185 combined these methods with ROA (97), LCOE (51), ROI (34), both ROA and LCOE (1), both ROI and LCOE (1), or both ROI and ROA (1).



	
ROA is never used independently. All papers are always combined with TPEM either alone (97) or with both TPEM and LCOE (1) and with both TPEM and ROI (1).








Figure 1 and Figure 2 demonstrate the importance of TPEM as independent metrics or as metrics that support other analyses. In particular, and as expected, the articles in the ROA and TPEM group should have a certain type of intersection. In this case, all articles in the ROA group were also inserted in the TPEM group; this is explained by the fact that the theory of real options can be seen as a complementary (or extended) approach to the traditional NPV. The results show that the methods tend to be interlinked and changes in the evaluation techniques have been mostly incremental with the expansion of the traditional techniques (such as ROA) or the combined use of more than one technique.




4.1.2. Individual Analysis


Traditional Project Evaluation Methods


The annual production of this category of articles had an annual growth rate of 18.8% in the analyzed period. In 2019, the total number of articles published was 185. The fall in publications in 2020 is explained by the fact that the gathering of papers was performed in July 2020 as mentioned before. Figure 3 shows, then, that although being based on traditional and well-recognized methods, the use of DCF approaches on scientific papers addressing RES project evaluation has not declined or even slowed down during these 10 years.



Table 3 identifies the 10 most relevant authors in the TPEM category. The list of authors was ordered based on the h-index; however, it is possible to verify that the g-index also tracks the relevance of authorship in the researched field and presents a similar trend.



Among the articles in this category, various common words were found. Considering the 15 most frequent words, an analysis was carried out focusing on referred energy sources. Words related to solar energy are more frequent than those related to wind energy. These two sources of energy were the only ones found in the set of the 15 most frequent words. It is worth mentioning that words related to the same source (e.g., solar energy, photovoltaic, etc., were grouped into the word solar). In the set of the 15 most frequent words, words related to both solar and wind energy appeared 479 times as shown in Figure 4.



Regarding the most cited articles in the data set, only two of the 10 most cited publications were not published between 2011 and 2015, which was to be expected, since the probability of an article to be cited tends to increase as the article has been published at a longer period of time, ceteris paribus. Table 4 lists these most cited articles.



Regarding the most relevant publication outlets, Table 5 reveals that among the 10 main journals, Renewable Energy, Energy, Applied Energy, Energies, and Energy Policy comprise 30.5% of all papers in the sample of 921 papers.



Figure 5 depicts the geographical distribution of the scientific production in this group, defined by the first author’s affiliation country, where the color scale is oriented so dark blue represents a higher number of publications. Considering the group of the 15 most relevant countries, the leader is the USA, with 15.6% of scientific production, followed by China, 12.6%, Italy, 8.6%, UK, with 7.4%, and Spain, with 7.0%. Altogether, these five countries accounted for half of the total scientific production of the 15 countries.




Levelized Cost of Electricity


In the LCOE category, the annual production of articles had an annual growth rate of 37.7% in the period under analysis (Figure 6). In 2019, the total number of articles published was 147. The significant growth in the literature on LCOE reflects the very low number of articles at the beginning of the analyzed period and a remarkable number of publications in 2019.



The most influential authors in this category are listed in Table 6. Results show that 60% of the most relevant authors published their first paper on the topic in 2017 or 2015. This evidence reflects another difference when comparing the LCOE category with the TPEM category, with this last one showing that for most authors the first publication included in this analysis dated from 2014 or before.



In the group of 512 articles included in the LCOE category, common words that represented the intersection of interests, such as renewable energy resources, renewable energies, economic analysis, electricity generation, were also identified. When the 15 most frequent words were analyzed, wind and solar energy were also identified with 323 occurrences as detailed in Figure 7. Within this group, no other source of energy has been identified.



Table 7 shows the list of articles most cited in the LCOE set. Again, this highlights that these publications tend to be more recent than the ones included in the TPEM category. For this category, the years of publication of the works were distributed throughout the analysis, while in the LCOE category, most of the highly cited papers were published between 2014 and 2017.



Regarding the most relevant publication sources, Table 8 reveals that, among the 15 main journals, Energy, Renewable Energy, Applied Energy, Energy Conversion and Management and Energies represent 39.1% of the 512 papers.



Figure 8 presents the scientific production by country, considering the first authors’ affiliation. The leader is the USA, with 20.6% of the scientific production of the 15 most relevant countries, followed by China, with 9.6%, Germany, 8.9%, India 8.6%, and Spain, with 7.1%. Altogether, these five countries accounted for 54.8% of the scientific production of these 15 most relevant countries.




Return on Investment


In the ROI category, the annual publication of articles had an annual growth rate of 11.2% in the period (Figure 9). In 2019, the total number of articles published was 21. Unlike the TPEM and LCOE categories, the ROI category showed a floating trend throughout the years.



The most influential authors in this category are listed in Table 9. The results show that 53.4% of the authors in the sample of 10 of the most relevant authors published their first papers in 2014 or 2017, in equal shares.



In the ROI category, words that represented the intersection of interests, such as renewable energy resources, renewable energies, economic analysis, electricity generation, were also identified. Within the group of the 15 most frequent words, the only expressions related to energy sources were “wind power”, with 24 references, and “Photovoltaic Cells”, with 19 words (Figure 10). However, despite being in the 15th position among the most cited words, the group of expressions: “Photovoltaic Cells”, “Solar Power Generation”, and “Solar Energy”, when added together result in a total of 50 references.



The 10 most cited papers for the ROI category are listed in Table 10. In the analysis, 60% of these 10 most cited articles were published in 2013 or 2015.



The 10 most relevant publication outlets can be seen in Table 11. In this list, the five top journals represent 30.8% of all the 156 papers of the sample.



The most productive countries in terms of the first authors’ affiliation are listed in Figure 11. The leader is USA, with 29.5% of the scientific production in the sample of the 15 most productive countries, followed by the UK, with 12.9%. As for China, it represents 7.6%. Altogether, these three countries accounted for 50% of the publication of these top 15 countries.




Real Option Analysis


The annual production of articles in the ROA category presented an average yearly growth of 23.12% in the period (Figure 12). Unlike all other categories, the number of papers published in this category in 2020 is already higher than the number of papers published in each of the three preceding years, which seems to indicate an increasing interest in this method.



Considering the more influential authors, the most frequent year of the first publications on the topic was 2014, with 33.3% of the publications indicated in Table 12.



The analysis of the most frequent words in the ROA category also demonstrated that wind energy was the only source with occurrences among the 15 main keywords, with 25 occurrences.



The most cited papers included in the ROA category are listed in Table 13.



Table 14 shows the list of most relevant journals for this set of articles. The five main journals concentrate more than 47% of the publications of all 99 works in the sample.



Figure 13 describes the scientific production for the top 15 publishing countries. The authors affiliated with Chinese institutions account for 21% of these publications. Germany lies in second with 9.1%, followed by Norway, South Korea, and the UK all of them representing 8.1% of these publications.



Table 15 shows that China is also a relevant country when it comes to articles cited by authors linked to their institutions. In this group, the USA has no leadership either in the production of articles or in citations.






4.2. Qualitative Analysis


For the qualitative content review, the five most cited studies from each of the four categories previously analyzed were addressed.



4.2.1. Traditional Project Evaluation Methods


In the most cited articles in the TPEM category (Table 4), Espinosa et al. [57] combined the energy PBP with LCOE to evaluate simplified photovoltaic cells. The authors proposed a polymer solar cell technology capable of generating very low-cost solar energy, capable of being paid for during a day of use. The energy PBP derives from the traditional PBP metrics adapted to assess the period required for an energy system to generate the same amount of energy that was used to produce the system. The authors highlight the scalability factor as a preponderant to guarantee a scale production to the point that the generation is sufficiently compensable to this one-day payback.



Şengül et al. [58] used PBP as a criterion for the classification of renewable energy supply systems in Turkey. However, the use of the traditional PBP method is only peripheral and is set as one of the economic criteria included in the proposed MCDM approach. It is worth mentioning that, although relevant enough to be considered, technical and environmental aspects prevail for the selection of renewable energy sources.



Bradbury et al. [59] applied the IRR indicator to assess the economic viability of implanting different energy-storage systems responsible for the greater stability and efficiency of the renewable energy system. The authors concluded that, among the storage systems compared in the study, the most viable are pumped hydro storage, Sodium Nickel Chloride batteries, and compressed air energy storage. The authors used the IRR to analyze the effect of device parameters on revenue and compare technologies across market conditions.



Boomsma [60] examined the sources of uncertainty related to the choice of support schemes, namely, feed-in tariffs, and negotiation of renewable energy certificates. Although addressing TPEM, the focus of this paper is related to real option analysis, and it mainly cites NPV as a starting point. Moreover, the authors discuss the limitations of traditional NPV under uncertain market conditions.



Schelly [61] presented an empirical study to identify the factors that motivate the residents of Wisconsin (USA) to adopt residential solar electric technology. The author pointed out that PBP, considered a popular way of referring to ROI, is an important economic calculation tool capable of contributing to decision-making by investing in residential photovoltaic energy projects. The authors argue that the PBP is a standard economic calculation provided by solar installation companies and helps to link short-term decisions to long-term returns.



An important outcome of the works most cited in this TPEM category is the presence of studies combining two or more tools for economic evaluation. This finding seems to be more related to the nature of the evaluation techniques than to the nature of the RES projects. Since the evaluation techniques included in the TPEM category are very closely related, there is the tendency to use those techniques simultaneously [94]. Moreover, although these evaluation techniques have been widely discussed in the academic literature, there has been no consensus about the best one to use in practice [95]. Therefore, practitioners tend to use more than one evaluation technique as complements to take a more reliable decision. For example, Espinosa et al. [57] combined the LCOE and PBP methodologies to price the manufacture of simplified photovoltaic cells. In this case, LCOE was mostly related to the evaluation of the project while the PBP demonstrated that the scalability of the photovoltaic cell production line can support its energetic viability. Also remarkable is the use of these metrics as part of MCDM studies showing the importance of TPEM individually but also as part of more integrated approaches for project evaluation or energy planning. Of the five analyzed papers, only one of them (Bradbury et al. [59]) applied IRR for direct supporting decision making and another one (Boomsma [60]) used NPV although supporting the ROA study. Regardless of the criticisms surrounding PBP, it seems that it remains an important indicator that can derive from its simplicity and ability to be adapted to different approaches (e.g., energy PBP) and to communicate with the final technology user.




4.2.2. Levelized Cost of Electricity


In the LCOE category (Table 7), it is possible to identify that the tool is also widely used for the economic valuation of RES projects. However, Ueckerdt et al. [67] highlighted some weaknesses in this methodology. According to the authors, LCOE does not capture the variability and integration between energy sources, which are common in the field of renewable energy. Therefore, Ueckerdt et al. [67] proposed a new cost metric, System LCOE, to handle variability and account for the integration of costs related to extra investments and operations costs that may emerge for accommodating wind and solar power in the system.



Darling et al. [68] also emphasized the misuse of LCOE as a method of comparing electricity-generation technologies. According to the authors, the use of LCOE as a deterministic parameter can reveal an unfounded and potentially misleading sense of certainty. Instead, the authors proposed considering input parameter distributions based on available data so that an LCOE distribution can more accurately reflect the cost uncertainty associated with renewable-energy projects. However, LCOE remains a popular technique and its application for the economic evaluation of RES projects can also be found in the most cited articles of the LCOE category.



Zamalloa [69] combined the use of LCOE with other traditional valuation methods and proposed a lower-cost alternative to produce energy using microalgae as a raw material. Li et al. [70] carried out a techno-economic viability study of a hybrid and autonomous energy system combining wind and photovoltaic sources with an energy storage system in a residence in Urumqi, China. For the case study, the authors concluded that the autonomous hybrid system is economically more interesting than systems that use only one of the sources associated with storage. Dalla Rosa and Christensen [71] also used LCOE as a methodology for calculating energy efficiency applied to homes. Given the high demand for electricity for heating systems in regions in northern Europe, the authors demonstrated that heating systems based on RES are reliable in supply security for users in Denmark. LCOE was used to show that investment costs represent up to three-quarters of total expenditure over a 30-year period.



The use of LCOE is recurrent for the viability analysis of domestic renewable energy systems for both electricity and heat generation. This factor may be related to the use of software specialized in this type of approach and which includes LCOE as an indicator of the viability of the projects (see, for example, [96]). The simplicity of the method allied to the industrial acceptance to compare energy technologies must be underlined. Regardless of the criticisms, the reviewed papers demonstrated the relevance of the method and opened routes for possible extensions and improvements.




4.2.3. Return on Investment


In the most cited articles in the ROI category (Table 10), Jenner et al. [77] used ROI as a dependent variable in a panel data model to confirm that policies to support renewable energy are important tools to drive capacity development in this sector in Europe. The authors found that incentive policies drive RES investments via the effect on the expected ROI.



The work of Schelly [61] addressed ROI in general terms for assessing the rationale and economic impacts of residential solar electricity adoption, although clearly relating it to the PBP metric. Eriksson and Gray [97] reviewed the transition to electricity for transportation including battery and fuel cell electric vehicles. The authors’ critical analysis is focused on the integration between hydrogen energy technologies and hybrid energy systems. When referring to ROI, the authors encompassed several economic metrics with the main objective of showing the need to evolve and give way to more comprehensive mechanisms with a holistic view including environmental and social considerations.



Cherrington et al. [78] analyzed the impact of the revisions of solar photovoltaic tariffs in the UK. They applied a financial analysis for two installations to identify the impact of these tariff cuts on the ROI and simple PBP of the photovoltaic system. The authors concluded that, even with a lower tariff, micro-installations for photovoltaic power generation can still be viable. However, they highlighted the need for these investments to focus on more efficient modules while considering the costs related to the disposal of materials at the end of their useful lives.



Likewise, Muhammad-Sukki et al. [81] also analyzed the deployment of electric power photovoltaic systems for both domestic and non-domestic uses in Japan and computed ROI and the simple PBP. The authors also considered the impacts of the implementation of a new tariff model in the country, which includes specific prices for solar photovoltaic installations. The authors concluded that, given the new model of renewable energy incentive tariffs, any nonresidential installation with a size of 100 KW in Japan could have an ROI of 7.43% per year, exceeding the return on value in European countries.



The studies addressing the ROI method showed that the term is frequently used under a broader view to assessing the economic viability of an investment. As for the studies applying ROI metrics, the simplicity of the approach should be highlighted, as most of them rely on non-discounted approaches frequently based on accounting profit metrics and metrics combined with simple PBP.




4.2.4. ROA


In the most cited articles of the ROA category (Table 13), it is possible to identify examples of applying real options to support the investment decision-making process. As mentioned before, Boomsma et al. [60] analyzed the investment in renewable energy in the face of tariff support and renewable energy certificates. Given the sources of uncertainty existing in these investments, the authors focused their analysis on a Nordic case study based on wind energy and concluded that, as the investment is made, the trade in renewable energy certificates creates incentives for larger projects.



Fuss et al. [86] highlighted the role of uncertainties in the decision-making process for investments based on renewable energy. Considering the probability of the occurrence of certain events, the authors used the real options model to improve the decisions for these investments considering different socio-economic scenarios.



Reuter et al. [87] used the theory of real options to analyze the decisions of an electric energy producer to invest in a new generation capacity. This mechanism was used based on the uncertainty related to future energy prices and environmental variables. The authors pointed out that the uncertainties existing in this type of project affect the distribution of profits and demand mechanisms such as incentive rates to make investments viable and enable the entry of new investors.



Zhang et al. [88] used the concept of real options to evaluate an investment in renewable energy considering the existence of uncertainty in factors such as the price of CO2, the cost of non-renewable energy, the market price of electricity, and the cost of investment. The authors applied the ROA to a photovoltaic solar power generation project in China and concluded that the high volatility of electricity and CO2 prices makes the country’s market unfeasible to attract immediate investments in these projects. The authors also pointed out that greater subsidies and greater market stability are factors that can overcome these barriers.



Finally, Wesseh and Lin [89] used the concept of real options to evaluate an investment in renewable energy considering the existence of uncertainty in factors such as the price of CO2, the cost of nonrenewable energy, the market price of electricity, and the cost of investment. The authors applied the ROA to a photovoltaic solar power-generation project in China and concluded that the high volatility of electricity and CO2 prices makes the country’s market unfeasible to attract immediate investments in these projects. The authors also pointed out that greater subsidies and greater market stability are factors that can overcome these barriers.



The works using the ROA method confirm the close relation of this approach with TPEM as it can be seen as an important extension of the traditional discounted cash-flow methods. ROA can support the risk analysis of the RES projects in light of the market changes and technological advancements and can help assess and quantify the managerial flexibility of these projects. However, it is also obvious that this is still considered a complex approach that requires more data and more sophisticated mathematical models. If, on one hand, this poses important challenges for industrial acceptance, on the other hand, it also shows the promising potential of applied academic studies.






5. Discussion


The geographical coverage of the papers shows the dominant role of publications from the USA, China, and Europe. This is not an unexpected outcome and also reflects the development of RES in these countries/regions, which altogether represented 63% of the total installed RES power in the world in 2019 [33,98]. Particularly remarkable is the case of China, which represented 30% of the total installed RES power in the world in 2019 against 19% 10 years ago [99]. This somehow justifies the increasing number of papers coming from China and the number of citations particularly evident for LCOE and ROA categories. One of the reasons for this result may be related to the Asian country’s efforts to develop rural electrification, with incentive policies to stimulate the private sector [100]. As mentioned before, distributed generation systems can easily use LCOE as a feasibility assessment method. As for the USA, although showing a growth rate of almost 7% per year, it still lags behind China and Europe in installed RES power. Nevertheless, the number of papers and citations shows a promising interest from the USA scientific community in the topic of RES project evaluation.



Regarding technology concerns, wind and solar are still the main paper targets. Once more, this may be explained by the increased adoption rate of these technologies globally between 2011 and 2019, reaching more than 13% per year for wind power and more than 30% for solar power [99]. The growth in China must be highlighted with almost 70% per year for solar power. In fact, solar power has been growing significantly for all countries, and the low initial values (with 2011 as a reference year) justify this high growth rate, especially in China, the USA, and Canada. Both LCOE and TPEM categories address both technologies, but it is still wind that captures most attention of the reviewed papers for ROA. This may be due to the perceived variability of the wind power output and of the market conditions that call for further studies allowing the integration of uncertainties on the financial project appraisal.



China assumes a more influential position in both scientific production and citations on ROA. This may be linked to concerns about the uncertainties related to the expansion of the electricity system based on RES, the increasing interest of the academy in dealing with risk and managerial flexibility in project evaluation, and increasing importance of RES for Chinese investors in different countries. China made a bold commitment to reduce the emission of greenhouse gases at the Copenhagen conference in December 2009 [101]. Since then, the country has made significant investments in RES. The recent National Energy Administration (NEA) provided guidance to reach 40% RES in electricity generation in 2030 against 29.5% in 2020 [102] and achieve carbon neutrality before 2060 with significant additions of both solar and wind power plants [103]. The accelerated pace of economic growth in China, in addition to the heavy dependence on fossil fuels, are elements that can bring more uncertainty to the energy transition process in the Asian country than in other experiences in more developed countries. Moreover, the increasing importance of China in scientific production for different topics is well evident as debated in [104] and the case energy is no exception.



In summary, some critical points can be highlighted based on the study and should contribute to answering the research question:




	
The scientific studies seem to be well aligned with the RES growth with the reviewed papers reflecting a high interest in well-established RES technologies and in countries or regions with high RES share.



	
Traditional models based on DCF still play a dominant role in the scientific community. Although a large number of financial evaluation techniques can be found in the literature, see for example [105,106], the most used to determine whether an investment project should be accepted or not are the NPV, IRR, and PBP [107]. Since project finance is a form of funding that relies on the forecast profitability of the project, not on the creditworthiness of the company [108], the characteristics of using the project’s cash flow for its valuation help explain this dominance. Although the studies recognize the limitations and discuss, in particular, the importance of the assumed discount rate, the use of NPV, PBP, and IRR still seem to guide most investment decisions. Simple PBP methods are rarely used as a single approach and in most cases, they are included as one decision criterion among others or as a starting point for the development of other metrics.



	
As for LCOE, although being extensively criticized in the literature, still represents a remarkable method to be used for example for benchmarking different technologies. This interest might be justified because it is intuitively clear and allows the comparison of the relative costs of different energy types [109]. The viability analysis of residential projects focused on distributed generation is a good example of the extensive LCOE application, and specialized software in these studies contributed to the high popularity of this indicator.



	
As for ROA, the results suggest that this methodology is yet not as popular as might be expected for authors in USA institutions. However, its popularization among authors from institutions located in Europe, where renewable energy systems are more developed, as well as among authors from institutions located in China, where there is a great potential for the development of this sector, can demonstrate its usefulness as a tool to analyze the viability of projects, albeit in a complementary way. The ROA does not replace the NPV but, rather, improved it by explicitly accounting for risk and managerial flexibility. ROA is increasingly recognized as an important approach but its complexity severely undermines its wide utilization. In particular, when communication with the final user is required or when energy planning and policies need to be clearly justified these simpler measures take a dominant role.



	
Both LCOE and ROA papers demonstrate the need to bring together industrial practitioners and the academic community by turning simpler methods into scientifically robust ones and disentangling complex approaches to respond to industrial needs.








Regarding the research methodology, the use of a revision based on previously established categories allowed for a better understanding of the investment decision methods and how they relate to different countries and technologies. The proposed intersection analysis also showed how different methods are related and may complement each other, which is also evident in the reduced set of journals that concentrate most of the publications. As for this last aspect, it is important to highlight that this revision included only articles that illustrated the application of financial evaluation methods for RES projects, and, as such, review articles were excluded, which may have limited the inclusion of papers from journals dedicated to reviews.




6. Conclusions


This article contributes to a better understanding of tools that support the economic evaluation of RES projects by presenting the results of a review based on scientific production on the subject. The study identified that, in the context of scientific papers, the most widespread RES projects are related to wind and solar energy.



The most traditional tools used to evaluate RES projects are more popular in solar energy than wind energy while more complex mechanisms such as ROA are more widespread in studies related to wind energy. The dissemination of instruments and techniques to measure the uncertainties related to the incidence of winds can explain this empirical evidence.



From a geographical point of view, looking at author affiliations, the most traditional techniques are more common in publications from countries such as the USA, Italy, Spain, and Germany, while Asian countries, such as China and South Korea, have higher scientific production involving the technique based on real options.



The critical analysis provided some future research directions. Future research could analyze how these RES evaluation techniques vary and how they can be associated with other techniques to build more reliable and effective performance indicators. In fact, only about 23% of the reviewed studies seem to show some interlinkage between each other somehow overlooking the complementarities of these indicators. In particular, the use of TPEM with ROA is well established, but LCOE is still frequently used as an independent method that could benefit from integration in more holistic studies, for example addressing uncertainties of the energy markets and technology development.



Although the linkage between financial studies and well-established RES technologies is evident, additional research is required to address promising new RES technologies or emerging enabling technologies. For these innovative projects, risk and flexibility-related approaches are particularly relevant, and ROA can bring important insights. However, the use of ROA is still limited, which may derive from the perceived complexity of application and interpretation, particularly for lay people/investors. As such, future studies should focus on identifying factors that prevent greater dissemination and usability of more complex investment appraisal methods and even promote a “user-friendly” approach to these methods.
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Figure 1. Operational procedures. 
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Figure 2. Intersections of articles in different groups. 
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Figure 3. Annual Scientific Production. 
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Figure 4. Occurrence of “wind” and “solar” references in most frequent words (TPEM). 
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Figure 5. Country Scientific Production. 
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Figure 6. Annual Scientific Production (LCOE). 
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Figure 7. Occurrence of “wind” and “solar” references in most frequent words (LCOE). 
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Figure 8. Country Scientific Production (LCOE). 
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Figure 9. Annual Scientific Production (ROI). 






Figure 9. Annual Scientific Production (ROI).



[image: Processes 10 00184 g009]







[image: Processes 10 00184 g010 550] 





Figure 10. Occurrence of “wind” and “solar” references in most frequent words (ROI). 
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Figure 11. Country Scientific Production (ROI). 
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Figure 12. Annual Scientific Production (ROA). 
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Figure 13. Country Scientific Production (ROA). 
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Table 1. Project Valuation Techniques.
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Categories

	
Technique

	
Equation

	
Nomenclature

	
Key Concepts






	
Traditional Project Evaluation Methods (TPEM)

	
Net Present Value (NPV)

	
   N P V =    ∑   i = 0  N    (    C  F i       (  1 + k  )   i     )    

	
CF = Cash Flow in the year i;

N = Project lifetime, in years;

k = Annual discount rate.

	
Based on the discounted cash flow approach.

Depends on a predefined discount rate.

Measures value creation in monetary terms.

Deterministic reject/accept decision (accept if NPV > 0).




	
Internal Rate of Return (IRR)

	
   0 =   ∑   i = 0  N  C  F i       (  1 + I R R  )    − i     

	
  C  F i    = Cash Flow in the year i;

k = Annual discount rate;

N = Project lifetime, in years.

	
Based on the discounted cash flow approach.

Expressed by the interest rate for which the project’s NPV is zero.

Measures value creation as a rate of return (%).

Deterministic reject/accept decision (accept if IRR > pre-defined hurdle rate).




	
Discounted Payback Period (PBP)

	
   D i s c o u n t e d P B P =  I    ∑   i = 1   N p    (    C  F i       (  1 + k  )   i     )      

	
I = Initial investment;   C  F i    = Cash Flow in the year i;

k = Annual discount rate;

Np = Number of years until the investment is recovered.

	
Based on the discounted cash flow approach.

Expressed by the time (usually years) required to recover the investment.

It can be used as a simplified proxy for risk.

Deterministic reject/accept decision (accept if PBP < pre-defined value).




	
Levelized Cost of Electricity (LCOE) [46]

	
Levelized Cost of Electricity (LCOE)

	
   L C O E =     ∑   i = 0  N  C a p i t a  l i  + O &  M i  + F u e  l i  + C a r b o  n i  +  D i      ∑   i = 0  N  M W  h i       (  1 + k  )    − i       

	
N = Project lifetime, in years;

k = Annual discount rate;

MWh = Amount of electricity produced annually in MWh;

Capitali = Total capital construction costs in the year i;

O&Mi = Operation and maintenance costs in the year i;

Fueli = Fuel costs in year i;

Carboni = Carbon costs in the year i;

Di = Decommissioning and waste management costs in the year i

	
Identifies the unit cost of energy over the life of the project.

Computed by dividing all costs generated by the energy system by the amount of energy produced by that system.

Frequently used to compare technologies /projects.




	
Return on Investment (ROI)

	
Return on Investment (ROI)

	
   R O I =   A n n u a l   R e t u r n   I n v e s t m e n t   × 100   

	

	
Computed as percentage ratio between the annual net profit (net cash flow) over the life of the project and the total capital investment in the project.




	
Real Options Analysis (ROA)

	
Real Options Analysis (ROA)

	
NPV_expanded = NPV_Deterministic + NPV_Flexibility

	
  N P  V  D e t e r m i s t i c   =   Tradicional NPV

  N P  V  F l e x i b i l i t y   =   Uncertain cash flow value to be added, due to the existence of a real option embedded in the project.

	
Express the options that are embedded in investment opportunities.

Incorporates uncertainty/risk in the analysis.

Options may include suspending, postponing, abandoning, reducing, or expanding the investment.
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Table 2. Group of Keywords.
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	Categories
	Keywords





	TPEM
	“Net Present Value” OR “Internal Rate of Return” OR “Payback” OR “NPV” OR “IRR” OR “PBP”



	LCOE
	“Levelized Cost of Energy” OR “Levelised Cost of Energy” OR “levelized Cost of Electricity” OR “Levelised Cost of Electricity”



	ROI
	“Return on Investment” OR “ROI” AND NOT “EROI” AND NOT “Energy Return on Investment”



	ROA
	“Real Option”
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Table 3. Authors Impact (TPEM).






Table 3. Authors Impact (TPEM).





	Author
	h_Index
	g_Index
	NC
	Year *





	Cucchiella F.
	9
	11
	305
	2014



	Gastaldi M.
	6
	8
	123
	2015



	Zhang X.
	5
	8
	103
	2012



	Gheewala H.
	5
	5
	77
	2013



	Manan A.
	5
	5
	53
	2012



	Li J.
	4
	6
	54
	2013



	Li X.
	4
	6
	38
	2014



	Fleten S.
	4
	5
	218
	2012



	Kleme J.
	4
	4
	44
	2015



	LI H.
	4
	4
	115
	2016







NC = Number of Citations, values from July (2020). * = Year of the first publication on the topic.
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Table 4. Most Cited Papers (TPEM).
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	Author
	Year
	Citations





	Espinosa et al. [57]
	2012
	345



	Şengül et al. [58]
	2015
	182



	Bradbury et al. [59]
	2014
	168



	Boomsma et al. [60]
	2012
	157



	Schelly [61]
	2014
	122



	Jouny et al. [62]
	2018
	110



	Beal et al. [63]
	2015
	114



	Dincer and Zamfirescu [64]
	2012
	104



	Blum et al. [65]
	2011
	98



	Ju et al. [66]
	2016
	92
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Table 5. Papers by Source (TPEM).






Table 5. Papers by Source (TPEM).





	Sources
	Articles





	Renewable Energy
	75



	Energy
	67



	Applied Energy
	52



	Energies
	45



	Energy Policy
	42



	Journal of Cleaner Production
	40



	Energy Conversion and Management
	36



	International Journal of Renewable Energy Research
	22



	Solar Energy
	19



	Energy and Buildings
	18
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Table 6. Authors Impact (LCOE).
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	Author
	h_Index
	g_Index
	NC
	Year *





	Breyer C.
	15
	23
	537
	2015



	Bogdanov D.
	14
	20
	500
	2015



	Aghahosseini A.
	7
	13
	218
	2017



	Gulagi A.
	5
	6
	191
	2017



	Adaramola MS.
	4
	4
	233
	2014



	Goel S.
	4
	4
	33
	2016



	Ghenai C.
	3
	4
	60
	2018



	Zhang X.
	3
	4
	57
	2015



	Caldera U.
	3
	4
	56
	2017



	Taylan O.
	3
	4
	39
	2017







NC = Number of Citations, values from July (2020). * = Year of the first publication on the topic.
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Table 7. Most Cited Papers (LCOE).
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	Author
	Year
	Citations





	Ueckerdt et al. [67]
	2013
	209



	Darling et al. [68]
	2011
	188



	Zamalloa et al. [69]
	2011
	182



	Li et al. [70]
	2013
	138



	Dalla Rosa and Christensen [71]
	2011
	127



	Ouyang and Lin [72]
	2014
	124



	Adaramola et al. [73]
	2014
	102



	Halabi et al. [74]
	2017
	95



	Maheri [75]
	2014
	88



	Malheiro et al. [76]
	2015
	86
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Table 8. Papers by Source (LCOE).
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	Sources
	Articles





	Energy
	51



	Renewable Energy
	50



	Applied Energy
	38



	Energy Conversion and Management
	32



	Energies
	29



	Energy Policy
	21



	International Journal of Renewable Energy Research
	14



	Renewable and Sustainable Energy Reviews
	13



	Solar Energy
	11



	International Journal of Hydrogen Energy
	10



	Journal of Cleaner Production
	10



	Sustainability (Switzerland)
	10



	Energy Strategy Reviews
	8



	Environmental Progress and Sustainable Energy
	6



	Applied Thermal engineering
	5
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Table 9. Authors Impact (ROI).






Table 9. Authors Impact (ROI).





	Author
	h_Index
	g_Index
	NC
	Year *





	Do, T. X.
	3
	3
	56
	2014



	Lim, Y. I.
	3
	3
	56
	2014



	AL Shariff S
	2
	2
	15
	2013



	McMeekin S. G.
	2
	2
	115
	2011



	Stewart B. G.
	2
	2
	115
	2011



	Li Y.
	2
	2
	58
	2017



	Jokisalo J.
	2
	2
	57
	2017



	Kosonen R.
	2
	2
	57
	2017



	Niemelä T.
	2
	2
	57
	2017



	Yeo H.
	2
	2
	40
	2014







NC = Number of Citations, values from July (2020). * = Year of the first publication on the topic.
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Table 10. Most Cited Papers (ROI).
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	Author
	Year
	Citations





	Jenner et al. [77]
	2013
	156



	Schelly [61]
	2014
	128



	Cherrington et al. [78]
	2013
	83



	Muhammad-Sukki et al. [79]
	2011
	66



	Kim et al. [80]
	2014
	49



	Muhammad-Sukki et al. [81]
	2014
	49



	Jacobs et al. [82]
	2013
	42



	Niemelä et al. [83]
	2017
	37



	Hou et al. [84]
	2017
	36



	Tokunaga et al. [85]
	2015
	36
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Table 11. Papers by Source (ROI).
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	Sources
	Articles





	Energy Policy
	11



	Energies
	10



	Renewable and Sustainable Energy Reviews
	10



	Renewable Energy
	10



	Energy Conversion and Management
	7



	Journal of Cleaner Production
	6



	Energy
	5



	Sustainable Cities and Society
	5



	Applied Energy
	4



	Solar Energy
	4
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Table 12. Authors Impact (ROA).






Table 12. Authors Impact (ROA).





	Author
	h_Index
	g_Index
	NC
	* Year





	Fleten S. E.
	4
	5
	218
	2012



	Hagspiel V.
	3
	4
	19
	2018



	Madlener R.
	3
	5
	25
	2014



	Boomsma T. K.
	3
	3
	205
	2012



	Zhang M. M.
	3
	3
	107
	2016



	Linnerud K.
	3
	3
	85
	2014



	Di Corato L.
	3
	3
	35
	2011



	Ferreira P.
	2
	3
	64
	2014



	Fuss S.
	2
	2
	135
	2012



	Bartolini F.
	2
	2
	40
	2012







NC = Number of Citations, values from July (2020). * = Year of the first publication on the topic.
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Table 13. Most Cited Papers (ROA).
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	Author
	Year
	Citations





	Boomsma et al. [60]
	2012
	157



	Fuss et al. [86]
	2012
	68



	Reuter et al. [87]
	2012
	67



	Zhang et al. [88]
	2016
	54



	Wesseh and Lin [89]
	2016
	53



	Ritzenhofen and Spinler [90]
	2016
	53



	Santos et al. [41]
	2014
	49



	Monjas-Barroso and Balibrea-Iniesta [91]
	2013
	48



	Jeon et al. [92]
	2015
	45



	Zhang et al. (b) [93]
	2016
	43
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Table 14. Papers by Source (ROA).
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	Sources
	Articles





	Energy Policy
	11



	Applied Energy
	10



	Energy Economics
	10



	Energies
	8



	Energy
	8



	Renewable Energy
	5



	European Journal of Operational Research
	3



	Journal of Cleaner Production
	3



	International Journal of Greenhouse Gas Control
	2



	Journal of Construction Engineering and Management
	2
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Table 15. Most Cited Countries (ROA).






Table 15. Most Cited Countries (ROA).





	Country
	Total Citations





	UK
	296



	China
	168



	Austria
	143



	Germany
	140



	Korea
	130



	Spain
	101



	USA
	80



	Portugal
	49



	Brazil
	40



	Italy
	40
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