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Abstract

:

Risk management in electricity markets is essential for decision making that involve uncertainty. This article researches the dominant themes and research trends in risk management in electricity markets using descriptive analysis, literature mapping, and data mining techniques. The proposed methodology generates the clusters within the dominant themes and provides a comprehensive view of the main authors, journals, and publications, as well as the main lines of research. The results reveal that the academic production of the subject is increasing and the research trends focused on financial risk management, energy resource management, and that climate coverage mechanisms are of great interest to the scientific community.
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1. Introduction


Effective risk management is fundamental for electricity market agents (Huang et al. 2012; Liu et al. 2006) because it encourages an active demand response and improves its performance (Zhang and Wang 2009). Companies that participate in energy markets are exposed to physical and financial risks due to the highly competitive environment (Das and Wollenberg 2005). Consequently, market participants require hedging strategies to manage the operations of the system, their investment portfolios (Wu 2008), and to determine the sale price that will be offered to clients (Kharrati et al. 2016). This is how different strategies have been developed that seek to improve the management of energy resources such as virtual plants or smart networks; initiatives that seek energy efficiency by incorporating information technologies to maximize the economic benefit through the programming and control of resources (Shen et al. 2016). On the other hand, there are tools that seek to mitigate the financial risks associated with fluctuations in the price of electricity, since the time series presents high volatility compared to other commodities (Li 2013). In this regard, hedging instruments have been developed such as futures, forwards, and bilateral contracts that act as an effective tool for risk management and have been widely used in the electricity markets (Anderson et al. 2007).



In reference to the above-mentioned information, interest in risk management in electricity markets has been growing in recent years and different research has focused on this topic; this way, the subject has an important and relevant academic production that needs to be studied. This work presents an analysis of the main contributions on the subject of risk management in electricity markets using bibliometric tools and systematic mapping of literature to analyze the available information and determine the main dominant themes and research trends. In this context, the main authors, journals, and impact factor of the 538 found documents are presented; however, the most important contribution of this work is the determination of the most relevant topics studied in the field of electricity market risks using group analysis.



The work is carried out as follows. Initially, the study design is presented where the methodology used is explained; subsequently, the results are presented emphasizing the predominant cluster in the investigation and finally, the article is concluded.




2. Materials and Methods


In this study, the standard scheme for the design and execution of research based on the analysis and interpretation of bibliometric databases, which consists of the following phases: (1) design; (2) data collection; (3) analysis; (4) visualization; and (5) interpretation.



The main objective of this research is to determine the dominant research themes in risk management in the electricity markets around the world, as well as to establish current research trends. Table 1 lists the parameters of the study performed. The remainder of this section expands on and discusses some of the study parameters that appear in that table.



2.1. Search String Layout


An adequate construction of the search string is essential for the location and recovery of the documents that make up the study. In the first phase, the following search string was specified:



TITLE ((electricity OR Energy) AND ({risk management})) OR AUTHKEY ((electricity OR Energy) AND ({risk management}))



In order to carry out a preliminary identification of keywords; within this search string, 771 documents were recovered. Thanks to the facilities of the Scopus user interface, it was necessary to analyze the list of the author’s most frequent keywords, to determine if there were terms not considered in the initial string. In parallel, the references of the most relevant documents retrieved were also analyzed in order to establish which relevant documents had not been retrieved by the preliminary search string. Next, the titles of the recovered documents were analyzed to determine which of them should not be included in the research, and to establish why they were recovered. From the results obtained, a new search string was built:



TITLE (market* AND (electricity OR “day-ahead” OR energy) AND (hedg* OR derivativ* OR {price risk} OR {risk management} OR {risk assessment} OR {energy risk})) OR AUTHKEY (market* AND (electricity OR “day-ahead” OR energy) AND (hedg* OR derivativ* OR {price risk} OR {risk management} OR {risk assessment} OR {energy risk}))



This allowed researchers to recover a total of 557 documents. To finalize the selection process, the titles and abstracts of the automatically retrieved documents were reviewed, and in some cases, the article itself. This process allowed 19 documents to be discarded. The final database obtained consisted 538 documents.




2.2. Data Preparation


During this phase, a homogenization of the available information was carried out. This covers the processes of removal of accents, formatting, and disambiguation of author names, extraction of country names, and organization of the author affiliation field, cleaning, and homogenization of author keywords.




2.3. Clusters with Dominant Themes


To determine the author’s keyword clusters with dominant themes, it was necessary to build the author’s keyword co-occurrence matrix. This is a symmetric matrix where the rows and columns correspond to the keywords; the leading slash is the number of times each keyword appears in the database. This matrix is normalized using the association index in order to emphasize co-occurrences above the value obtained when one keyword appears randomly with another. The normalized matrix was transformed into an equivalent network, so it is possible to use community detection algorithms such as Louvain’s. A symmetric square matrix, such as keyword co-occurrence matrices, can be interpreted as a network where the rows or columns represent the nodes and the matrix elements represent the connections; thus, a higher co-occurrence value between two keywords represents a stronger relationship between them. The Louvain algorithm is a community detection algorithm in networks developed by Blondel et al. (2008) which seeks the best possible groups by optimizing the network’s modularity; that is, the method seeks the best groups of keywords, which represent terms that often appear together and, therefore, represent dominant themes. The Louvain method starts with small communities and then adds them up until the algorithm converges.





3. Results


This section presents the main bibliometric indicators obtained for the database of the final 538 selected articles.



3.1. Basic Indicators


For this study, 538 documents published in 277 journals were used, with an average of 1.94 documents per journal. The papers were written by 1231 authors belonging to 661 organizations in 53 countries, where the first authors of each paper are affiliated with 365 institutions in 38 countries. When analyzing the number of authors per document, it was found that there are 56 documents with a single author, written by 53 different authors, and 482 documents with more than one author, with an average of 3.3 co-authors per document. In terms of collaboration, a 27.6% of international co-authorship was found. In the analyzed database, there are 14,374 references, with an average of 27.43 references per document. On the other hand, there are 1345 author keywords and 2506 index keywords; after the keyword cleaning process, these go to 1152 and 2093, respectively.




3.2. Production per Year


Figure 1 presents the number of articles published per year. A long-term growing trend is observed, with an average annual rate of 28.3%. There are two periods of increasing trend (2001–2006 and 2014–2021), and a stable period (2007–2013), which presents a pronounced peak of 39 publications in 2010. This figure indicates a permanent interest from the scientific community in the research area.




3.3. Main Journals


Table 2 lists the main indicators of the journal group made up of the ten journals with the largest number of articles and the ten most cited journals. This table shows that the most cited journal is IEEE TRANS POWER SYST with a total of 1459 citations, followed by the ENERGY ECON journal with 830 citations (56% of the citations obtained by the most cited). Given that the individual analysis of each of these indicators can bias the interpretation of the results, it is more convenient to use composite indicators such as the H index, which indicates that there are H articles with H or more citations, which quantifies both the productivity and the impact of publications. In this sense, the journal with the highest impact publications is IEEE TRANS POWER SYST, followed by ENERGY ECON and DIANLI XITONG ZIDONGHUE. On the other hand, it is found that the journal with the largest number of documents is ENERGY ECON with 39 documents, followed by DIANLI XITONG ZIDONGHUE with 28 documents and IEEE TRANS POWER SYST with 24 documents. The latter can be considered the journal with the highest impact factor since it has the highest indicators.




3.4. Main Countries


Table 3 shows the indicators for the group of the ten most cited countries and the ten countries with the highest productivity. It is evident that the country with the highest number of citations is the United States with 22.13% of the total citations, it also has the highest H index, followed by China with 13.48% of citations and has the largest number of documents, and then there is Iran with 6.14% of citations. Regarding the average number of citations per document, it is evident that the highest indicator is found in Finland (29.08), followed by the United States (27.68) and Iran (25.59). According to the results, the country with the greatest contribution to the research topic is the United States, since it has the highest average number of citations per document, the highest number of citations, and the highest H index. This last indicator measures the quality of scientific production.



When analyzing the country co-occurrence matrix for the 20 most productive countries, four groups of countries are found that frequently publish together: (a) United Kingdom, France, Iran, India, Ireland, Finland, and Turkey; (b) China, the United States, Hong Kong, Australia, Italy, and Brazil; (c) Germany, Norway, and Denmark; and (d) Portugal, Spain, and Colombia. Table 4 shows the international collaboration indicators where it is evident that the countries with the highest collaboration rate are the following: Hong Kong with 94%, the United Kingdom with 74%, and Australia with 71%. Additionally, this table presents the production of documents for the main countries, broken down by country(ies) of origin. In this sense, it is evident that countries with high levels of production, such as China and the United States, have low collaboration rates, 29% and 32%; in contrast, the countries with the highest collaboration rates are the following: Hong Kong (94%), United Kingdom (74%), and Australia (71%). Hong Kong’s production stands out as it has the highest collaboration rate and is in fourth position in the ranking of publications and has an average of 22.06 citations per document. It is concluded that collaboration between countries positively impacts the production of research.




3.5. Authors


Table 5 lists the indicators for the authors with the largest number of publications and the most cited authors. The first two columns of the table present the ranking of publications and citations. Considering both criteria, it is concluded that the five authors with the greatest impact on the publications are the following: Shamshirband S/1, Mekhilef S, Wang J/8, Chen Z/22, and Liu H/27. In addition, the first two authors have the highest H-index.



On the other hand, it was necessary to analyze the groups of authors who publish frequently; for this, the 20 most frequent authors were considered, and the same procedure was applied to obtain the countries that usually publish together. Six clusters of authors were found: (1) Zhang SH, Wen F-S, Wong KP, Dong ZY, and Xue Y; (2) Zhou M, Li G-Y, and Ni Y-X; (3) Azevedo F, Vale ZA, and Lopes F; (4) Wang X-F and Zhang Q/2; (5) Xiao D and Qiao W; and (6) Wu FF and Liu M.




3.6. Most Published Citations


The article with the largest number of citations is: “Equilibrium Pricing and Optimal Hedging in Electricity Forward Markets”, in which an equilibrium model is presented to set the prices of energy derivative contracts (Bessembinder and Lemmon 2002). In second place is the document: “Correlations and volatility spillovers across commodity and stock markets: Linking energies, food, and gold”, which uses a VAR-GARCH model to analyze the relationship between the prices of some energy commodities and the S&P 500. In third place is the work: “An Empirical Analysis of the Impact of Hedge Contracts on Bidding Behavior in a Competitive Electricity Market”, in which the behavior of the Australian electricity market negotiations is analyzed, incorporating several sources of uncertainty and futures contracts (Wolak 2000). These articles study financial risk management in electricity markets and its alternatives for hedging purposes. The information of the main publications with their respective number of citations and DOI is shown in Table 6.





4. Discussion


This section discusses the results obtained by applying the Louvain community detection algorithm to the author’s keyword co-occurrence matrix obtained after performing a cleaning and homogenization process of the texts. This process was carried out in order to detect the main keyword clusters to determine the main trends in risk management research in electricity markets.



Table 7 presents the detailed information for the six groups obtained. For its computation, keywords with a frequency equal to or greater than five (5) were considered. As shown in the table, the first cluster groups the largest number of keywords (29.1%) of the total words analyzed. The other five keyword clusters have a frequency between 12.7% and 16.4%.



Cluster 1. Risk management on financial assets and wind power generation.



The first cluster contains the works focused on financial risk management to maximize economic benefits and reduce the corresponding risk (Liu and Wu 2008) through a negotiation strategy that includes measures to risk assessment and simulation models (Jain and Srivastava 2009). In this context, there are studies that focus on portfolio theory to propose an energy purchase decision system in the bilateral market (Azevedo et al. 2003) and in the spot market (Zhou et al. 2006). Other works focus on assessing risk using VaR (value at risk) (Boroumand et al. 2015; Das and Wollenberg 2005; Huang et al. 2009), or CVaR (conditional value at risk) (Hatami et al. 2011; Kettunen et al. 2010; Kharrati et al. 2016); and they use the Montecarlo simulation to obtain the numerical series and validate the proposed model (An et al. 2010). On the other hand, optimization models are used to find the parameters that allow obtaining better forecasts such as the PSO model (particle swarm optimization) (Azevedo et al. 2010) or linear programming (Liu et al. 2008). These models search for the most efficient portfolio and validate it in the studied market; accordingly, the most appropriate hedging strategy is chosen.



Another trend that stands out in the first cluster is risk management in wind power generation. This issue has gained significant prominence in recent years due to concerns about the environmental impact and sustainability of conventional power plants (Garcia-Gonzalez 2008). By virtue of the above, many electricity systems have incorporated wind generation into their energy matrix, which generates new negotiations in the spot market. Currently, it is common to trade wind energy in competitive markets; however, market participants face risks due to the uncertainty of the wind (AlAshery and Qiao 2018). In order to mitigate these risks, there are studies that propose hedging strategies using artificial intelligence to generate electricity price scenarios (Janghorbani et al. 2014), ARIMA models to simulate the price of electricity and wind speed; (Hosseini-Firouz 2013) and models that use virtual auctions (virtual bidding) for the sale of wind energy (Xiao et al. 2022).



It is important to note that many researchers conclude that term and futures contracts with different prices should be incorporated to diversify the portfolio, and CVaR is the most commonly used risk measure in electricity market applications, as this approach employs the quantile of the profit distribution compared to other methodologies that seek the objective value of profits. The challenge for researchers is to model long-term spot prices and pricing forward contract. Regarding the topic of risks in wind energy, it is concluded that risk management strategy is directly dependent on revenue constraints; that is, the less severe the revenue constraint, the greater the economic benefits that can be obtained; therefore, the strategy should establish optimal revenue.



Cluster 2. Efficient management of energy resources.



In the second cluster there are works that propose alternatives for the management of energy resources found in the electrical network, since these sources are not always visible or can be dispatched (Kieny et al. 2009). Alternatives are presented such as a virtual power plant that forms an optimal coalition of resources incorporating bilateral and futures contracts with the stochastic programming approach (Shabanzadeh et al. 2016), or the incorporation of a microgrid together with the virtual power plant (Shen et al. 2016). Regarding microgrids, a configuration scheme is proposed for the optimization of microgrid resources (Luo et al. 2010). In this cluster, the interest in managing risk in the face of electricity shortages is highlighted. Proposals such as virtual power plants, microgrids, or smart grids can support the hedging strategy. However, virtual power plants are exposed to uncertainty since the variables of generation, consumption, price, and energy quantities have their limitations. In this sense, there are approaches that seek to reduce exposure to risk through the use of linear programming. Similarly, for microgrids, stochastic programming methods are employed for energy management; this is used to study the effect of demand response and risk management models.



Cluster 3. Application of financial instruments.



The third cluster determines the trend towards the application of financial instruments in the electricity markets, taking into account the characteristics of the price of electricity that differs from other commodities traded in the financial markets (Vehvilainen 2002). In this regard, there are studies on derivatives that propose a hedging strategy with the design of this instrument (Díaz Contreras et al. 2014) or use temperature derivatives to mitigate the risk of solar generation (Alao and Cuffe 2021). In addition, studies are reported that use Garch models to determine the value of the futures contract and to evaluate the coverage (Liu et al. 2010), or estimate the optimal levels of coverage in electricity portfolios that reduce volatility (Zanotti et al. 2010). On the other hand, time series models (regime switching models) are used to estimate the minimum variance and coverage ratios in the electricity futures market (Billio et al. 2018), or in a portfolio with crude oil and gas (Shrestha et al. 2018). The importance of validating the effectiveness of the hedge is highlighted by analyzing the variance and the value at risk, and the use of different models is recommended instead of just one to improve the hedge in different phases of the market. Finally, investment strategies are proposed including electricity futures contracts in a portfolio (Rendón-García et al. 2021); this way, the interest of the scientific community in the relationship between the financial and electricity markets is evidenced to maximize economic benefits. However, the greatest difficulty in designing hedging strategies arises from the dynamic nature of electricity prices, which exhibit high volatility. Therefore, financial market valuation models cannot be applied to electricity markets. Consequently, only electricity price forecasting models can be used, which has led to a widely studied and constantly evolving research field.



Cluster 4. Management of the demand for electricity.



The fourth cluster contains the works that analyze demand due to its influence on the electricity market; a greater demand response is essential to increase the efficiency of the electricity market (Bartusch et al. 2010). In this context, there are works that analyze the impact of the response to demand in the residential sector by monitoring demand through the Internet in real time (Blohm et al. 2021) or in the agents of the Finnish electricity market (Rautiainen et al. 2019) using a pricing model that shows that the risk of additional demand costs is significant. In order to mitigate financial risk, the electricity market has different hedging mechanisms such as bilateral, transmission, or difference contracts. In this regard, there are studies that propose bilateral contracting schemes based on forecast models (Gandelli et al. 2003) and a Monte Carlo simulation (Yucekaya 2022). In addition, there are studies that estimate the systematic risk of FTRs (financial transmission rights) (Baltaduonis et al. 2017). These instruments are used for hedging purposes for congestion charges. Finally, studies that incorporate difference contracts are reported to propose a planning model for the commercialization of energy considering the risk profile (Liu et al. 2019). It is important to highlight that the combination of futures contracts and FTRs can reduce the financial risk of electricity markets (Liu and Wu 2010), and the economic benefits of generating companies can be maximized by selecting an optimal balance between the spot and bilateral markets (Ramos et al. 2010). Similarly, through proper management of transmission rights contracts, risk coverage for congestion on electricity transmission lines can be achieved; in this case, contracts with different maturities are available to diversify the portfolio and reduce risk.



Cluster 5. Hedging tools in the electricity market.



Cluster five groups the works that analyze forward contracts and other derivatives such as the incentive that operators have to cover risk exposure regarding the quantity and price of electricity. In this sense, there are works that define, based on a CVaR model, the optimal portfolios of quantity and price of electricity for specific hours (Boroumand et al. 2015), or study the relationship between the quantity and price of electricity to propose a portfolio with forward contracts and options (Coulon et al. 2013; Oum et al. 2006), and futures contracts taking into account the variance and value at risk (Hanly et al. 2018). All of the above options improve coverage with the optimal allocation of contracts. There are also works that analyze how investment incentives are affected by introducing derivatives through a market equilibrium model (Willems and Morbee 2010) and examine the indirect effects of risk for energy and carbon futures contracts (Balcılar et al. 2016). Finally, there are works that propose models to reduce the existing operational risk in operations carried out through the internet and propose a coverage model that indicates the amount of energy to be purchased with a term contract (Rao et al. 2011). This is why there are different risk hedging tools and different ways to employ them. There are proposals that seek to optimize the amount of electricity, the number of contracts, and even the allocation of electricity for different hours. These studies have one of the main difficulties in common in designing a decision-making system that arises from simulating electricity prices. It is concluded that it is essential to know the variables that influence the price in order to simulate its behavior.



Cluster 6. Risk management in wind generation and coverage for fluctuations in weather variables.



Finally, cluster six contains the works that analyze risk management in the face of climate variations that affect the generation of renewable energies in any market structure (Shamsi and Cuffe 2022), and directly impact the price of electricity, producing high volatility. To mitigate this effect, weather derivatives have been incorporated into electricity market portfolios (Matsumoto and Yamada 2021), and an equilibrium pricing model has been proposed in a portfolio with multiple commodities (Lee and Oren 2009). Stochastic temperature models are also proposed to calculate the price of an option and determine its impact on the electricity market (Prabakaran et al. 2020). These derivatives are also used in the generation of wind (Benth et al. 2018) and solar (Matsumoto and Yamada 2019) power, which allows traders to cover themselves against the fall in low prices and the decrease in the production of power plants. On the other hand, there are works that use spread options for hedging purposes. In this sense, a modulated volatility model (Benth and Zdanowicz 2016) and a two-factor model with Levy processes (Mehrdoust and Noorani 2022) are proposed to determine the price of an electricity and gas spread option. Climate derivatives arise from the growing concern of many industries exposed to climate risk. Although they are the mechanism used to mitigate financial losses due to weather, it is difficult to have mechanisms for valuing the derivative due to climate uncertainty. Consequently, this topic has sparked the interest of different researchers and is considered a research field in full development.




5. Conclusions


This paper proposes a methodology to determine research trends on the topic of risk management in electricity markets. The results show that there are six dominant themes: (1) Risk management on financial assets and wind power generation—incorporating forward contracts to diversify the portfolio and using CVaR to measure risk. (2) Efficient management of energy resources—other models such as linear and stochastic programming are proposed to manage risk. (3) Application of financial instruments—it is difficult to have derivative and contract valuation models due to the complexity exhibited by the price series. (4) Management of the demand for electricity—using numerical simulation models, demand can be forecasted for risk management. (5) Hedging tools in the electricity market—risk can be managed through the optimization of the number of contracts, electricity, and its hourly allocation. (6) Risk management in wind generation and coverage for fluctuations in weather variables. This last topic has gained prominence thanks to the growth of renewable energies that are impacted by the climate; therefore, there is a high volatility in the price of electricity.



It is important to point out that most studies highlight the importance of risk management for decision-making systems in electricity markets. Therefore, it is essential to know the structure of the market and have electricity price models that forecast its future behavior; this way, the ideal tool for hedging purposes can be determined. In this sense, different instruments are proposed such as forward, bilateral, or futures contracts, and it is concluded that electricity futures can effectively manage risk only for certain periods of time when using hedging strategies that have been successful in financial and other commodity markets. Finally, the CVaR is widely used in studies, as it represents the risk evaluation index and is used to adjust the electricity procurement strategy in terms of purchase cost and risk level. Other methodologies focused on numerical simulation can improve the accuracy of models to quantify risk, which represents a topic for future research.
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Figure 1. Number of articles published per year from 1997 until 2021. 
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Table 1. Parameters of the study.
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	Parameter
	Value





	Bibliographic data base
	Scopus



	Time span of the analysis
	1997 to 2022



	Search string process
	It is discussed later in this section



	Date of the bibliographic consultation
	18 August 2022



	Inclusion criteria
	Documents related to risk management in electricity markets.



	Exclusion criteria
	Documents related to hydrocarbons and fossil



	Data collection
	All bibliometric information available in Scopus will be collected



	Data preparation
	It is discussed later in this section



	Data analysis
	Basic bibliometric indicators will be computed and analyzed to determine the dominant groups and themes. The thematic mapping methodology discussed below will be used.



	Analysis procedure
	The process will be carried out independently by each author to later compare the results and examine the differences.
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Table 2. The most important journals in terms of publications and citations.






Table 2. The most important journals in terms of publications and citations.





	Publication Ranking
	Citation Ranking
	Journal
	Documents
	Number of Citations
	H Index
	Citations per Year
	Average of Citations per Document





	1
	2
	ENERGY ECON
	39
	830
	16
	34.58
	21.28



	2
	4
	DIANLI XITONG ZIDONGHUE
	28
	355
	11
	16.14
	12.68



	3
	1
	IEEE TRANS POWER SYST
	24
	1459
	18
	60.79
	60.79



	4
	6
	ENERGY POLICY
	13
	253
	8
	13.32
	19.46



	5
	8
	ZHONGGUO DIANJI GONGCHENG XUEBAO
	12
	192
	8
	10.67
	16.00



	6
	11
	INT J ELECTR POWER ENERGY SYST
	10
	167
	5
	8.79
	16.70



	7
	7
	ENERGY
	7
	200
	7
	11.76
	28.57



	8
	13
	ELECTR POWER SYST RES
	7
	144
	5
	9.00
	20.57



	9
	24
	INT J THEOR APPL FINANC
	7
	61
	2
	3.05
	8.71



	10
	37
	DIANLI XITONG BAOHU YU KONGZHI
	7
	30
	4
	2.14
	4.29



	14
	9
	QUANT FINANC
	5
	187
	3
	9.84
	37.40



	71
	3
	J FINANC
	1
	398
	1
	18.95
	398.00



	72
	5
	ECON MODEL
	1
	288
	1
	28.80
	288.00



	73
	10
	INT ECON J
	1
	180
	1
	7.83
	180.00
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Table 3. Most cited countries.






Table 3. Most cited countries.





	Publication Ranking
	Citation Ranking
	Country
	Documents
	Number of Citations
	H Index
	Citations per Year
	Average of Citations per Document





	1
	2
	China
	155
	1517
	21
	68.95
	9.79



	2
	1
	United States
	90
	2491
	24
	95.81
	27.68



	3
	5
	United Kingdom
	39
	537
	11
	26.85
	13.77



	4
	4
	Hong Kong
	31
	684
	13
	34.20
	22.06



	5
	8
	France
	30
	389
	10
	22.88
	12.97



	6
	7
	Australia
	28
	447
	10
	26.29
	15.96



	7
	3
	Iran
	27
	691
	10
	57.58
	25.59



	8
	6
	Portugal
	27
	489
	10
	24.45
	18.11



	9
	9
	Germany
	27
	373
	9
	15.54
	13.81



	10
	13
	Italy
	24
	259
	9
	12.95
	10.79



	18
	10
	Finland
	12
	349
	7
	16.62
	29.08
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Table 4. International collaboration indicators for the ten most productive countries.
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	Country
	Documents with Only One Country of Origin
	Documents with Several Countries of Origin
	Collaboration Rate





	China
	110
	45
	29%



	United States
	61
	29
	32%



	United Kingdom
	10
	29
	74%



	Hong Kong
	2
	29
	94%



	France
	13
	17
	57%



	Australia
	8
	20
	71%



	Iran
	16
	11
	41%



	Portugal
	20
	7
	26%



	Germany
	12
	15
	56%



	Italy
	12
	12
	50%
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Table 5. Most important authors in terms of publications and citations.
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	Publication Ranking
	Citation Ranking
	Author
	Documents
	Number of Citations
	H Index
	Citations per Year
	Average of Citations per Document





	1
	4
	Shamshirband S/1
	25
	1578
	19
	197.25
	63.12



	2
	1
	Mekhilef S
	22
	2005
	15
	200.50
	91.14



	3
	32
	Hannan MA
	22
	602
	11
	60.20
	27.36



	4
	18
	Khatib T
	21
	774
	15
	77.40
	36.86



	5
	44
	Javaid N
	20
	534
	11
	76.29
	26.70



	6
	13
	Wang J/8
	18
	892
	12
	111.50
	49.56



	7
	21
	Chen Z/22
	17
	747
	8
	83.00
	43.94



	8
	56
	Dash PK
	17
	480
	12
	48.00
	28.24



	9
	138
	Blaabjerg F
	17
	368
	9
	92.00
	21.65



	10
	5
	Liu H/27
	16
	1502
	13
	150.20
	93.88



	14
	7
	Dong ZY
	14
	1259
	12
	125.90
	89.93



	28
	8
	Xiong R
	11
	1181
	9
	147.62
	107.36



	43
	6
	Li Y-F/1
	10
	1422
	10
	142.20
	142.20



	79
	2
	Salam Z
	8
	1790
	8
	179.00
	223.75



	80
	9
	Wang HZ
	8
	1006
	8
	167.67
	125.75



	166
	3
	Ishaque K
	6
	1664
	6
	166.40
	277.33



	261
	10
	Liu YT
	5
	936
	5
	156.00
	187.20
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Table 6. Most published citations.






Table 6. Most published citations.





	Document
	Citations
	DOI





	(Bessembinder and Lemmon 2002). J FINANC, V57, P1347
	398
	10.1111/1540-6261.00463



	(Mensi et al. 2013). ECON MODEL, V32, P15
	288
	10.1016/J.ECONMOD.2013.01.023



	(Wolak 2000). INT ECON J, V14, P1
	180
	10.1080/10168730000000017



	(Hatami et al. 2011). IEEE TRANS POWER SYST, V26, P1808
	164
	10.1109/TPWRS.2010.2095431



	(Bjorgan et al. 1999). IEEE TRANS POWER SYST, V14, P1285
	161
	10.1109/59.801886



	(Carmona and Durrleman 2003). SIAM REV, V45, P627
	156
	10.1137/S0036144503424798



	(Botterud et al. 2012). IEEE TRANS POWER SYST, V27, P894
	146
	10.1109/TPWRS.2011.2170442



	(Burger et al. 2004). QUANT FINANC, V4, P109
	133
	10.1088/1469-7688/4/1/010



	(Zhao et al. 2009). IEEE TRANS POWER SYST, V24, P479
	131
	10.1109/TPWRS.2008.2008681



	(Kettunen et al. 2010). IEEE TRANS POWER SYST, V25, P117
	115
	10.1109/TPWRS.2009.2032233
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Table 7. Thematic groups.






Table 7. Thematic groups.





	Cluster
	Number of Keywords
	Percentage of Keywords
	Keywords





	1
	16
	29.1%
	value at risk, stochastic programming, wind power generation, portfolio optimization, bidding strategy, optimization algorithm, monte carlo simulation, genetic algorithm, congestion management, virtual bidding, efficient frontier



	2
	9
	16.4%
	risk assessment, distributed generation, renewable energy, forward contract, energy management, virtual power plant, micro grid, smart grid, renewable energy sources



	3
	8
	14.5%
	pricing, garch, electricity derivatives, volatility, hedge ratio, electricity futures, electricity prices, futures



	4
	8
	14.5%
	demand response, bilateral contracts, trading strategies, financial transmission rights, contract for differences, price risk, real-time pricing, utility function



	5
	7
	12.7%
	hedging, derivatives, electricity futures market, derivative pricing, particle swarm optimization, contracts, financial risk management



	6
	7
	12.7%
	weather derivatives, energy risk, spread options, volumetric hedging, levy processes, incomplete markets, quadratic hedging
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