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Abstract

:

The application of renewable energy has become increasingly widespread worldwide because of its advantages of resource abundance and environmental friendliness. However, the deployment of hybrid renewable energy systems (HRESs) varies greatly from city to city due to large differences in economic endurance, social acceptance and renewable energy endowment. Urban policymakers thus face great challenges in promoting local clean renewable energy utilization. To address these issues, this paper proposes a combined multi-objective optimization method, and the specific process of this method is described as follows. The Hybrid Optimization Model for electric energy was first used to examine five different scenarios of renewable energy systems. Then, the Technique for Order Preference by Similarity to an Ideal Solution was applied using eleven comprehensive indicators to determine the best option for the target area using three different weights. To verify the feasibility of this method, Xiongan New District (XND) was selected as an example to illustrate the process of selecting the optimal HRES. The empirical results of simulation tools and multi-objective decision-making show that the Photovoltaic-Diesel-Battery off-grid energy system (option III) and PV-Diesel-Hydrogen-Battery off-grid energy system (option V) are two highly feasible schemes for an HRES in XND. The cost of energy for these two options is 0.203 and 0.209 $/kWh, respectively, and the carbon dioxide emissions are 14,473 t/yr and 345 t/yr, respectively. Our results provide a reference for policymakers in deploying an HRES in the XND area.
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1. Introduction


1.1. Research Background


China is the largest energy consumer worldwide due to its continued industrialization and urbanization, and the majority of the energy supply is still provided by non-renewable resources such as coal and natural gas. To cope with this situation and to promote ecological environmental improvement, the Chinese government has decided to intensely develop solar, wind, hydropower, and other renewable energy sources. Some related policies and regulations reflect the detailed staged goals of China and establish feasible ways to achieve these goals up to 2050, which provides policy support for the development of renewable energy. The Renewable Energy Law of the People’s Republic of China [1] provides a new framework for the development of renewable energy from the aspects of resource investigation and development planning, industrial guidance and technical support, and promotion and application. The China 2050 High Renewable Energy Penetration Scenario and Roadmap Study [2] explores the scenarios and pathways by which China can move fossil fuels, especially coal, away from dominating China’s energy development and achieve a low-carbon, green electricity future. The 13th Five-Year energy plan [3] expounds the guiding ideology, basic principles, development goals, key tasks and policy measures for China’s energy development. China Renewable Energy Outlook 2017 [4] is an annual report based on China’s established strategic polices and the experience of advanced countries; the report focuses on the development of renewable energy and proposes solutions to the problems faced in the development of renewable energy. Against this background, a range of technologies and systems related to carbon emission reduction have been examined, including the development of concentrating solar power technology [5], the utilization of enhanced geothermal energy [6] and other related renewable energy technologies.



However, the fraction of renewable energy in the national energy mix is only 3%, which is lower than the world average (4%), and coal-fired power generation (more than 70%) remains mainstream in China and continues to have a serious impact on the environment [7,8]. In addition, cities, as some of the largest producers of anthropogenic greenhouse gases, also continue to accelerate the global warming process [9]. It is urgent for the Chinese government to reduce anthropogenic greenhouse gas emissions and increase the utilization of available renewable energy in the energy system. Accordingly, this paper aims to provide a decision-making scheme for building feasible renewable energy systems by proposing a quantitative evaluation method.




1.2. Literature Review


To reduce the overall cost of the system, hybrid energy systems (HESs) are widely used to improve the security of traditional energy systems [10]. With the deepening of the clean energy revolution, HESs are gradually being replaced by hybrid renewable energy systems (HRESs).



The methods used in research related to the configuration of HRESs can be divided into traditional methods, artificial intelligence methods and software methods. Traditional methods mainly include probability and statistical methods [11]; iteration methods [12]; and numerical methods [13], which are used to provide the analyses and solutions for simple linear problems with uncertain results. Common artificial intelligence methods include genetic algorithms and particle swarm optimization. Different from traditional methods, artificial intelligence methods can be used to solve complex nonlinear problems, which mainly reflect multiple uncertainties, including uncertain meteorological conditions and a variable electricity load, in the optimization process of the HRES [14]. Although artificial methods can solve the above problems, researchers must have advanced programming abilities to employ these methods. Against this background, an increasing number of researchers use software tools to solve the HRES optimization problem. Common software tools include HOMER, RETSCREEN, and PVSYST [15] Among all the software tools related to the HRES, the HOMER model is favoured by researchers because of its flexible modelling ability [16].



The HOMER model is a hybrid electricity system analysis and design software developed by the National Renewable Energy Laboratory (NREL), which integrates system simulation, optimization and sensitivity analysis. Existing studies related to the HOMER model can be divided into two categories: Remote areas and urban areas.



For remote rural areas or islands, economic factors tend to dominate the deployment of an energy system [17]. Due to the remoteness of these locations, the cost of grid installation is relatively high, so the off-grid HRES becomes a suitable choice. Many researchers have conducted studies to perform a more accurate economic benefit evaluation of these systems. [18] used this model to conduct an economic analysis, and the net present cost (NPC) and cost of energy (COE) were presented as significant indicators by which to evaluate an energy system during its entire life cycle. Based on the analysis results, the optimal HRES option brings great economic benefits, and the CO2 emissions are greatly reduced [19]. The maximum reduction in CO2 emissions is 100%, which means that local renewable energy resources can be used to satisfy the daily demand for electricity in remote rural areas and islands.



Moreover, the current urban energy structure still has a serious negative impact on the environment; thus, it needs to be optimized and upgraded through renewable energy penetration. Many scholars have conducted techno-economic analyses of the HRES at the urban scale. For example, [20] analysed the technological and economic potentials of two different HESs (Photovoltaic/Wind/Diesel and PV/Wind systems) with battery storage in the Jubail industrial city of Saudi Arabia. The results indicated that the minimum COE was 0.25 $/kWh for the HRES with 100% renewable energy penetration. Furthermore, [21] analysed the PV-Battery-Hydrogen system with the HOMER model both technologically and economically. The results showed that the COE of the optimal system was 0.323 $/kWh, and there were no carbon dioxide emissions into the atmosphere. The above study used batteries and hydrogen as energy storage carriers, and the different energy storage carriers had correspondingly different characteristics. For example, the initial construction cost of utilizing battery energy storage is lower than that of utilizing hydrogen, and the battery energy storage efficiency is higher than that of hydrogen. However, when the end of the life cycle of batteries is reached, the disposal of discarded batteries is costly and has a particularly negative impact on the environment compared to hydrogen storage [22]. To determine the most appropriate types of energy storage in different areas, [23] performed a techno-economic analysis of nine different HRESs with different energy storage modes for five different global locations. Their findings showed that hydrogen has greater long-term benefits than does battery storage. Furthermore, [24] not only simulated the energy systems of 17 cities in South Korea but also generated the overall economic feasibility map of Korean cities. From this map, it was found that Jeju and Incheon have a higher economic feasibility than do the other 15 cities examined.



It is worth noting that the algorithm of the HOMER model is based on the minimum net present value, which means that this model is suitable for areas restricted by economic factors. In addition to economic factors, other factors influence the deployment of the entire HRES, such as the endowment of renewable energy, load demand, dispatch strategy and energy policy [25]. To synthetically evaluate the impacts of these factors on energy system deployment, the analytic hierarchy process (AHP) approach was adopted. According to the evaluation results, political instability, transportation problems, and site suitability are the major barriers in the corresponding research regions. The AHP method is mostly used to evaluate the importance of corresponding indicators. To quantitatively evaluate renewable energy options, the Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) is adopted. TOPSIS is a method by which to determine the ideal solution and can fully consider the factors that impact the evaluation results. For example, [26] applied the Criteria Importance through Inter-Criteria Correlation (CRITIC) method and TOPSIS to assess options both technologically and economically, as required by HOMER. The system consisting of wind turbines, diesel generators and batteries was determined to be the optimal option among all candidate options according to the CRITIC and TOPSIS results. Additionally, [27] utilized HOMER to simulate cost scenarios in communities in Nigeria, and the HOMER results were evaluated by TOPSIS according to 15 different economic, social, and environmental indicators. The results indicated that the energy system with a COE of 0.787 $/kWh was the optimal option.



In summary, HRES deployment can effectively reduce emissions of greenhouse gases. However, for different regions, the factors influencing the selection of an HRES are different. For some remote areas, such as rural areas and isolated islands, economic and technological factors dominate the selection of energy systems. For developed areas, the dominant factors include the environment and society. HOMER is a multi-objective optimization algorithm based on the minimum NPC, which is a suitable tool for the simulation and optimization of energy systems in remote areas. However, for developed areas, such as the Xiongan New District (XND) area in this study, considering only economic and technological factors is insufficient, and we need a more comprehensive evaluation index system to select the optimal HRES. Thus, a multi-objective evaluation method for HRES selection is examined in the present study.




1.3. The Potential Contribution of This Study


The priority of a candidate option in HOMER is determined by the principle of the minimum NPC. Thus, HOMER is a great tool for simulating scenarios in undeveloped areas where the economy and technology are the obvious limiting factors for local development. However, for developed areas, the limiting factors may be the society and environment, rather than the economy and technology. Although some predecessors have used the method of combining TOPSIS and HOMER to evaluate HOMER simulation results, these studies have some shortcomings, which can be divided into two categories. First, these studies did not consider the impacts of local policies on system selection [26]. For example, political willingness plays a special role in regional development in China. This method considers comprehensive indicators affecting the selection of HRES options, including economic (the initial cost, O&M cost and COE), technological (renewable fraction, ease of installation and excess electricity), environmental (CO2 emissions, area requirements and environmental impact) and social (acceptability and willingness to pay) factors. Different from previous studies, social indicators related to local energy policies are included in the index evaluation system for the first time. In addition, the subjective weighting method represented by the AHP method has strong subjectivity, which ignores the variability and conflict within indicator elements. Second, the objective weighting method represented by the CRITIC method has strong subjectivity, which is not in line with the reality of real-world decision-making [28]. Thus, using only subjective weighting or objective weighting can introduce certain errors into the results.



Combining subjective and objective weighting to reduce errors, this paper presents an evaluation method based on the HOMER model and the TOPSIS method. This contribution unifies the indicator unit in the evaluation process of a complex system, which is helpful to the scientific ranking of alternatives. Based on this method, we further determine the optimal HRES option in the XND in China.





2. Methodology


This paper proposes an evaluation method combining the HOMER model and the TOPSIS method. Generally, a large amount of heat energy will be released in the process of coal-fired power production in China, which is used as a by-product of electric energy to provide heating services. Since this study focuses on the optimization of the power system, the research does not consider the heat energy supply. The energy system consists of the already-produced power to the end-users. In this text, the HOMER model is used to simulate different scenarios in the research area, and the simulation results are evaluated as options. The TOPSIS method is utilized to rank the HRES options, considering all aspects affecting HRES selection. In the decision-making process of the TOPSIS method, three different weighting methods are proposed—the AHP method, CRITIC method, and AHP-CRITIC method—which represent subjective empowerment, objective empowerment and the combination of subjective and objective empowerment. Figure 1 shows a flow chart of this method, and the details of each step are presented in the following sections.



2.1. HOMER Simulation


HOMER was developed by the NREL. The main functions of this model include system simulation, system optimization, and sensitivity analysis, which can be used for system design, energy planning, market analysis and policy making. To obtain candidate HRES options in the research area, HOMER based on the minimum net present value is applied.



2.1.1. Description of the XND


To focus on the non-capital functions of Beijing in China—considering the application of a new optimal development mode for densely populated areas; adjusting and optimizing the layout and spatial structure of the Beijing, Tianjin and Hebei districts; and cultivating a new engine for innovation-driven development—the government of China decided to develop the XND area.



Located in the hinterland of Beijing, Tianjin and Baoding at 38°51.8′ N, 115°52.2′ E, the XND area covers the administrative districts of Xiongxian, Rongcheng and Anxin counties, as well as the surrounding areas, which have distinct regional advantages, such as a low extent of current development, basic conditions that provide a good starting point and high development and construction standards.



The plan involves developing the XND area in advance, starting with specific areas, and the planned start-up area of the XND area is 38 km2, in which the planned construction land area is 26 km2, accounting for 68.4% of the total planning area according to the local regulations published in [29]. This area will inherit the non-capital function stock of Beijing and effectively attract part of the population of Beijing, thereby accruing highly skilled workers, and a population structure that is compatible with the function positioning of innovative intelligence and other new areas will gradually form to satisfy the development needs of high-end and prosperous industries. This paper selects this area as the research area, and Figure 2 shows the detailed information of the research area in this study. The sources of the pictures on the left and right of Figure 2 are HOMER and the Planning Outline of the XND area in Hebei Province [30], respectively.




2.1.2. Hybrid Energy System Options


According to the construction plan, the XND area will realize a 100% clean power supply and become the first urban power grid with a continuous 100% clean power supply. This plan will enable clean power consumption to account for 52% of the final energy consumption. To fulfil this purpose, it is necessary to make full use of local renewable resources to optimize the power system configuration. The policy planning outline (Hebei 2017) shows that clean energy sources include wind, solar, hydrogen, and other renewable energy with no waste. In view of the dense population, nuclear power is not feasible in the XND. This paper applied HOMER to simulate HRESs with different storage modes, including battery and hydrogen energy storage equipment, which are applied to solve the problems of excess electricity and power output volatility. In the present study, PV panels, wind turbines, batteries, fuel cells, electrolytic cells, hydrogen tanks, converters, and diesel generators constitute the candidate components of the HRES options. This study constructed five different scenarios in the XND area, including a grid-connected HRES with a battery storage mode (option I), a grid-connected HRES with a hydrogen storage mode (option II), an off-grid HRES with a battery storage mode (option III), an off-grid HRES with a hydrogen storage mode (option IV), and an off-grid HRES with modes that combine battery and hydrogen storage (V). Figure 3 shows the detailed configurations of the above systems.





2.2. AHP Method


The AHP method was proposed in the mid-1970s by the American operations research scientist Tomas L. Saaty [31]. This method regards complex multi-objective decision-making problems as systems, decomposes the objective into multiple objectives, and then obtains several levels of multi-indexes through further decomposition. Through the nine-scale scoring method put forward by Saaty, single and total rankings are calculated, which can be used as a systematic method of multi-index and multi-scheme decision-making [32]. The calculation method for each evaluation indicator and the steps of the AHP method are explained in Section 2.2.1 and Section 2.2.2, respectively.



2.2.1. The Calculation Process of Each Indicator


To comprehensively evaluate the HRES options in the XND area, eleven indicators covering technology, economy, environment and society are selected, which can be divided into qualitative indicators and quantitative indicators. The detailed calculation processes of the quantitative indicators and evaluation criteria of the qualitative indicators are provided in this section.



(1) Renewable fraction



The renewable fraction is a quantitative and technical index, and this indicator refers to the fraction of energy provided by renewable energy resources to the load, which is calculated by the following equation:


   f  r e n   = 1 −    E  n o n r e n   +  H  n o n r e n      E  s e r v e d   +  H  s e r v e d      



(1)




where Enonren is the electricity generated by a non-renewable energy resource (kWh/yr), Hnonren is the thermal energy generated by a non-renewable energy resource (kWh/yr), Eserved is the total electrical load supplied (kWh/yr), and Hserved is the total thermal load supplied (kWh/yr).



In HRES deployment, the larger the fraction of renewable energy, the smaller the impact on the environment; therefore, the renewable fraction is a benefit indicator.



(2) Ease of installation



The ease of installation is a qualitative and technical indicator. The number of system components and the ease with which the various components fit together are used to evaluate this indicator. In the deployment of renewable energy systems, an easier installation will reduce the investment cost. Thus, the ease of installation is a benefit indicator.



(3) Excess electricity



The excess electricity is a quantitative and technical indicator. In the HRES, the electricity generated from renewable energy sources first satisfies the local load demand, and the rest of the electricity is divided into two parts, with one part stored in batteries or hydrogen tanks and the other part wasted. The excess electricity is applied to describe the fraction of wasted electricity, and the smaller this indicator in the HRES is, the better the HRES functions. Thus, the excess electricity is a cost indicator, and this value is calculated by the following equation:


   f  e x c e s s   =    E  e x c e s s      E  p r o d      



(2)




where Eexcess is the total excess electricity (kWh/yr) and Eprod is the total electrical production (kWh/yr).



(4) Initial cost



The initial cost is a quantitative and economic indicator. This indicator refers to the investment required for each component at the beginning of the HRES. The smaller this indicator is, the lower the initial capital investment is. Thus, this parameter is a cost indicator.



(5) Operation and maintenance (O&M) cost



The O&M cost is a quantitative and economic indicator. During the life cycle of each system component, the operation and maintenance of each system component both require a certain amount of capital investment, and the total required investment is represented by the O&M cost. This parameter is a cost indicator.



(6) Cost of energy (COE)



The COE is a quantitative and economic indicator. To specify the cost of generating electricity per kilowatt hour, the concept of the COE is introduced. The value of this indicator is calculated by the following equation:


  C O E =    C  a n n , t o t   −  c  b o i l e r    H  s e r v e d      E  s e r v e d      



(3)




where Cann,tot refers to the total annualized cost ($/yr), cboiler refers to the boiler marginal cost ($/kWh), Hserved refers to the total thermal load supplied (kWh/yr) and Eserverd refers to the total electrical load supplied (kWh/yr). In the HRES deployment, the lower the COE is, the lower the investment is. Thus, the COE is a cost indicator.



(7) CO2 emission



CO2 emission is a quantitative and environment indicator. In the configuration of an HRES, a diesel generator is used to mitigate the harm caused by fluctuations in renewable energy generation. In addition, diesel combustion produces a certain amount of carbon dioxide, which is represented by the CO2 emission. Although a certain amount of carbon dioxide is produced during the life cycle of renewable energy components, the amount generated is much lower than that generated by diesel generators. Thus, this paper assumes that there are no carbon dioxide emissions in the process of electricity generation using renewable energy components. The value of this indicator is calculated by the following equation:


  T C E =  E i  ×  Q i   



(4)




where TCE refers to the total carbon dioxide emissions (t/yr), Ei refers to the carbon emission intensity of diesel combustion (t CO2/MW h) and Qi refers to the electricity generated from diesel (MWh).



The lower the CO2 emission is, the smaller the greenhouse effect is. Thus, this parameter is a cost indicator.



(8) Area requirement



This indicator represents the total floor area of each device, including PV panels, wind turbines, electrolysers, hydrogen tanks, and generators. The land area in the city is very limited, and the smallest HRES footprint is sought. Thus, the area requirement is a cost indicator. The installed surface area of a diesel generator station is relatively small, and this study takes only the installed surface area of renewable energy components into consideration. In this study, the installed surface areas of a 1-kW PV panel and a 1.5-MW wind turbine are 7.5 m2 and 1500 m2, respectively. Table 1 shows the detailed information of land surface requirement for each option.



(9) Environment impact



The environment impact is a qualitative and environmental indicator. This indicator refers to the noise impact caused by an HRES. In addition to the greenhouse effect, the noise impact also causes physical discomfort to humans, which is why we select this indicator to evaluate the candidate HRES schemes in this study. The environment impact is a cost indicator.



(10) Acceptability



Acceptability is a qualitative and social indicator. This indicator refers to the degree of recognition and mastery of technology from the perspective of the public. In the XND, the public is more familiar with diesel generator technology than with renewable energy components technology and is more familiar with battery storage systems than with hydrogen storage systems. Acceptability is a benefit indicator.



(11) Willingness to pay



Willingness to pay is a qualitative and social indicator, and this indicator represents the degree of willingness of investors or policymakers to invest in different HRESs. Hence, willingness to pay is a benefit indicator.




2.2.2. The Process of the AHP Method


This section describes the detailed calculation process of the AHP method in the XND area, and the specific steps are as follows:



Step 1: Establish a hierarchical model



Figure 4 shows the hierarchical structure of this study. The highest level in this study is the selection of the best HRES option in the target region. The renewable fraction, ease of installation and other nine indicators are the evaluation indicators in this study.



Step 2: Compare the different indicators



When comparing the importance of the ith and the jth elements in the previous layer, use the quantitative relative weight aij for the analysis. The aij value in the pairwise comparison matrix is assigned according to the scale proposed by Saaty, and detailed information on the Saaty scale table can be found in Appendix A [33,34].



The pairwise comparison matrix has the following properties: aij > 0, and aij = 1/aji; (when i is equal to j, the value of aij is 1).



Step 3: Calculate the weight vector and evaluate the consistency



As shown in Table 2, Table 3, Table 4, Table 5 and Table 6, five n×n judgement matrices can be obtained in Step 2. Then, the maximum eigenvalue ( λ max) and corresponding eigenvectors are calculated for each paired comparison matrix, and the consistency test is performed. Detailed information on the consistency test can be found in Appendix A.



Step 4: Ranking each indicator



The vector of each indicator can be obtained by multiplying the weight vector of the sub-criterion layer by the weight vector of the criterion layer. If the value of the indicator vector is high, this indicator has a higher importance in the whole HRES and vice versa.





2.3. CRITIC Method


The CRITIC method is an objective weighting method proposed by Diakoulaki in 1995 [28]. In this method, the objective values of each indicator element are determined based on the variability and conflict within the indicator element. The measurement of the variability and conflict within the indicator element is realized in the form of the standard deviation in the indicator element and the correlation coefficient between the indicator elements. The process of determining the objective weight of indicator elements by the CRITIC method can be divided into five parts, namely, the dimensionless treatment of the elements of the decision matrix, the calculation of the standard deviation, the calculation of the correlation coefficient, the calculation of the information value and the calculation of the weight of each indicator element. The detailed calculation process can be found in Appendix B.



Step 1: The dimensionless treatment of the elements of the decision matrix



The units of each indicator element in the initial decision matrix are different, and the differences between the indicator elements bring errors to the subsequent results. Before objective weight assignments using the CRITIC method, the first step is the dimensionless processing of the decision matrix.



Step 2: The calculation of the standard deviation of the indicator elements



To quantitatively measure the variability within the evaluation indicator element, the standard deviation is selected as the tool with which to evaluate variability in this paper.



Step 3: The calculation of the correlation coefficient between indicator elements



In order to quantitatively measure the conflict between indicator elements, this paper selects the correlation coefficient as the tool to evaluate the conflict.



Step 4: The calculation of the information value of each indicator element



To comprehensively evaluate the variability and conflict within in each indicator element, this paper selects the information value of the indicator element to evaluate the variability and conflict within the indicator element.



Step 5: The calculation of the weight of each indicator element



In the CRITIC method, the weight value of each indicator element is calculated according to the ratio of the information value of each indicator element to the sum of the information value of each indicator.




2.4. AHP-CRITIC Method


The AHP method determines the weight of each indicator element based on expert consultation and scoring and does not consider the objective information of the indicator elements themselves. In the CRITIC method, the objective information of the indicator element itself is the basis for determining the weight of the indicator element, without considering the subjective intention in the real world. To make full use of the advantages of the two methods, this paper proposes an AHP-CRITIC combination weighting method. The process of weighting can be achieved by the following equation.


   w i  =    w  A H P i   ×  w  C R I T I C i       ∑  i = 1  n    w  A H P i   ×  w  C R I T I C i        



(5)








2.5. TOPSIS Method


TOPSIS is an acronym for the Technique for Order Preference by Similarity to an Ideal Solution. This method was developed by C.L. Hwang and K. Yoon in 1981 [35]. The main idea of this method is to rank all candidate options according to their distance from idealized goals. If the evaluation option is the closest to the positive ideal solution and the farthest from the negative ideal solution, it is the optimal option, and if not, the evaluation option is not the best option. In this paper, TOPSIS is used to select the optimal HRES option in the XND area, and the calculation process can be found in Appendix B. TOPSIS is applied in this study according to the following process:



Step 1: Formulate the decision matrix



According to the AHP method, eleven indicators are used to evaluate the HRES options in the target area. These indicators can be divided into two types, namely, cost and benefit indicators. The quantitative indicator values in this study are calculated based on the HOMER simulation results, and the qualitative indicator values are determined according to expert opinions by the AHP method. Table 7 shows the detailed information of the decision matrix. The analysis process of each indicator can be found in Section 4.



Step 2: Normalize the decision matrix



To eliminate errors due to the order of magnitude, this paper normalizes the decision matrix. Detailed information on the normalization can be found in Appendix B.1, and Table 8 shows the detailed information of the decision matrix after normalization.



Step 3: Calculate the weighted normalized matrix



The weighted normalized matrix is obtained after the normalization process by Equation (A11) in Appendix C. There are three weighting systems in this paper, which are the weights determined by the AHP method, the CRITIC method, and the AHP-CRITIC method, and the weight determination process is shown in Section 2.2, Section 2.3 and Section 2.4.



Step 4: Determine the ideal solutions among all the candidate options



In this step, the ideal solution has the shortest distance from the positive solution indicator and the longest distance from the negative solution indicator and is considered the optimal reference option.



Step 5: Calculate the relative distances of the option to the best and worst solutions



In this step, the relative distances are calculated from the ideal and non-ideal solutions. The longer the distance of the option to the ideal solution, the more feasible the option is.



Step 6: Calculate the closeness coefficient



The closeness coefficient is the relative closeness of each option to the ideal solution, which is used to determine the optimal option out of all the candidate options.





3. Parameter Setting


Detailed information on the data input is provided in this section. The data input is divided into two types: The HOMER model and the AHP method. In the section on HOMER, the power load estimation approach, available renewable energy resources and cost parameters are introduced. In addition, the establishment of the matrix weights and the consistency evaluation process of the AHP method are described in Section 3.2.



3.1. HOMER Model


3.1.1. Electricity Consumption Estimation


To predict the population density of the XND area, some researchers use the grey system prediction model. According to the simulation results, the population density of the XND area is 685 people per km2 [36]. The construction floor area is 26 km2 in the start-up area of the XND, and the population of the research area in the future scenario is 17,810 people.



According to the technical provisions for urban planning management in Hebei Province, the average annual electricity consumption ranges from 6000 to 8000 kWh; that is, the estimated yearly electricity demand estimation ranges from 106.86 to 142.48 GWh. To ensure that the simulation results can meet the electricity demand of the region to the greatest extent, the annual electricity consumption considered for this region is 142.48 GWh, which means that the daily electricity consumption is 390 MWh. In addition, the energy system is subject to random variability, and the daily and hourly random variability in this study are 10% and 20%, respectively, according to previous research [37].




3.1.2. Available Renewable Energy Resources in the Research Area


To verify the optimal HRES option in the XND, the potential renewable energy resources in the research area must be evaluated. This study utilized meteorological data consisting of wind speed and solar energy data for the evaluation.



Figure 5 shows detailed information on the local renewable resources. As shown in the left panel of Figure 5, the average annual solar global horizontal irradiance and clearness index are 4.07 kWh/m2/day and 0.508, respectively. The highest daily solar irradiation occurs in May and July, which means that there is abundant solar energy in these months. Moreover, the wind speed information is displayed in the right panel of Figure 5. According to this figure, the average annual wind speed is 3.52 m/s, which is measured by an anemometer at 50 m above sea level, and the highest wind speed is observed in April. The above information is retrieved from NASA meteorology and solar energy data resources.




3.1.3. Cost parameters of the HRES options in the research area


In this paper, a techno-economic analysis was conducted with HOMER to determine the optimal HRES option in the XND area among five different scenarios. Table 9 lists the detailed cost information of each component [37,38].





3.2. AHP Method


In this study, each candidate HRES option was evaluated from the perspectives of the economy, technology, environment, and society. The AHP method is applied in this study to determine the most influential indicator in HRES deployment. Table 1 summarizes the different weights of the indicators of the criterion layer, and most of these types are influenced by social indicators. Furthermore, the weight of each indicator in the corresponding type (sub-criterion or indicator criterion) is presented in Table 5, Table 6, Table 7, Table 8 and Table 9. From the evaluation results, the renewable energy fraction (with a weight of 0.63), COE (with a weight of 0.63), CO2 emission (with a weight of 0.63), and acceptability (with a weight of 0.75) are the most influential indicators among the different types. The overall weight of each indicator is provided in the following part. The weight of each indicator is determined by the sum of the elements in a single row relative to the sum of the elements in each row.





4. Results and Discussion


The purpose of this study is to determine the optimal HRES configuration in the XND area by considering all factors, including technology, economy, environment and society. The HOMER simulation and the TOPSIS evaluation results are presented in this section.



4.1. HOMER Simulation Results


The HOMER model is applied to determine the candidate HRES options in the research area based on the simulation results. In this section, the different technical analyses of hybrid energy are divided into four parts: System configuration, economic analysis, technology analysis, and environmental analysis.



4.1.1. System Configuration


To determine the optimal configuration of each option, five different scenarios are built via HOMER simulations. According to the simulation results, each optimal HRES option is distinguished. Table 10 contains detailed information on each configuration in the research area and the various configurations identified as candidate options to be assessed by the TOPSIS method. It is worth noting that diesel generators are used in each optimal system because diesel generators can prevent system damage caused by the intermittent nature of renewable energy power generation.




4.1.2. Technology Analysis


This study selects the renewable fraction, excess electricity and grid power fraction as the evaluation criteria; thus, our technology analysis considers these three indicators. Detailed information on these two indicators can be found in Table 11. For the grid-connected HRES options, an amount of electricity is supplied by the grid, leading to a low renewable fraction. In this study, the grid power fractions of options I and II are 48.5% and 16.3%, respectively. In addition, for energy storage purposes, the effect of battery energy storage is better than that of hydrogen energy storage, which can be evaluated according to the excess electricity. In this study, the excess electricity of the battery storage mode option is lower than that of the hydrogen storage mode option, regardless of whether the option is a grid-connected or off-grid HRES option. Additionally, this paper constructs three different hydrogen energy storage HRESs to be evaluated because of the policy requirements of the XND area. According to the development plan of the research area, the XND area will have more hydrogen energy vehicles and refuelling stations in the near future. Therefore, this study regards the hydrogen energy storage HRES as a plan option to be evaluated.




4.1.3. Economic Analysis


For each candidate HRES option to be evaluated, economic data including the initial capital cost, O&M costs and COE can be obtained from the HOMER simulation results. Table 12 summarizes the economic data of all candidate HRES options. The grid power and sellback prices are 0.1 $/kWh and 0.2 $/kWh, respectively. The grid electricity portion is large in the grid-connected HRES option; thus, the electricity price of the off-grid HRES is higher than that of the grid-connected HRES. In this study, the COEs of options I and II are lower than those of the other options. Moreover, the cost of hydrogen storage equipment is much higher than that of battery storage equipment, so the COE and initial cost of option II are higher than those of option I in the grid-connected HRES, and the COE and initial cost of options IV and V are higher than those of option III in the off-grid HRES. Although this study does not take the cost of the disposal process of waste batteries into consideration, the cost is too high to be ignored, which will bring obstacles into the deployment of HRES to some extent [39].




4.1.4. Environment Analysis


Carbon dioxide, as an indicator of climate change, cannot be ignored in the process of HRES selection. According to the simulation results of the HOMER model, the optimal configuration of carbon dioxide emissions in each scenario is obtained, which are 51,322 (option I), 24,405 (option II), 14,473 (option III), 58,995 (option IV), and 345 (option V) t/yr. From these results, we can conclude that options I and V have the highest and lowest CO2 emissions because of the different renewable fractions, respectively. In this study, 632 g carbon dioxide is emitted into the atmosphere by the grid per 1 kWh of electricity provided.





4.2. AHP Results


The AHP method was applied in this study to calculate the relative importance of each indicator of the candidate HRES options. This section is divided into two parts, namely, the qualitative indicator evaluation and the indicator weight calculation by the AHP method.



4.2.1. Evaluation of the Qualitative Indicators


The indicators in this study can be divided into quantitative and qualitative indicators. The quantitative indicators are required for the HOMER simulation results, and detailed information on these indicators can be found in Section 3.1. In this section, we evaluate the qualitative indicators by their Saaty scale values, and Table 13 contains detailed information on these indicators in each candidate HRES option.



From Table 13, we can obtain the priority order for each indicator in all candidate HRES options. At the technical level, we choose the high slope of the learning curve as our preferred criterion. The hydrogen storage mode equipment includes an electrolyser, hydrogen tank, dispenser, and fuel cell, which are more complex than battery storage equipment [40]. Therefore, options I and III are easier to install than the other options, and if grid power is considered, the installation will become complex, which is why the score of option III is higher than that of option IV. Furthermore, the environmental impact mainly refers to the noise impact on the environment, and wind turbines generate a large amount of noise in the process of generating electricity; therefore, options IV and V have the lowest scores for this cost indicator. In addition, the mastery of hydrogen energy storage technology in the research area is worse than that of battery energy storage technology, so the scores of acceptability of option I and III in this study are higher than those of other options. Lastly, since the disposal of waste batteries will have an impact on the environment, local policymakers increase their investment in hydrogen energy storage technology, so the willingness-to-pay scores of option I and III in this study are lower than those of other options.




4.2.2. The Overall Weight of Each Option


In this section, the results of the AHP method are summarized in Table 14. From this table, we can obtain the local and overall weights of each indicator. From the perspective of the local index weight, the renewable fraction, COE, CO2 emission and acceptability are the most important indicators in each class, and the weights of these indicators in the classes are 0.63, 0.63, 0.63, and 0.75, respectively. Furthermore, CO2 emission is the most important indicator among all indicators, and the overall weight of this indicator is 0.353, which means that policymakers should pay more attention to CO2 emissions in the HRES deployment process, which is basically consistent with the local construction planning, and a 100% clean power supply will be realized in the XND, thereby allowing the area to become the first urban power grid to provide a continuous 100% clean power supply in China according to the local development planning.





4.3. CRITIC Results


According to the differences and conflicts between the indicator elements, the CRITIC method is used to assign weights to the indicator elements. In this study, this method is used to calculate the weights of 11 indicators in the indicator system.



As shown in Table 15, the standard deviation, information value and weight of each indicator are calculated. In terms of the standard deviation, the environmental impact, acceptability and willingness-to-pay indicators have the highest scores, which means that these three indicators have more variability within the indicator element. Furthermore, the willingness-to-pay indicator has the highest score, which means that this indicator is highly weighted, and the weight of this indicator is 0.19.




4.4. AHP-CRITIC Results


The weight determined by the AHP method is the product of expert scoring or consultation, which has certain subjectivity. Furthermore, this paper uses the method of combining subjective weighting and objective weighting to reduce the error in the decision result caused by subjectivity. Table 16 shows the detailed information of each indicator’s weight.




4.5. TOPSIS Results


The TOPSIS method is applied to rank all the candidate HRES options in the research area. In the process of the TOPSIS method, once the decision matrix and weight sets are established, the next step is to evaluate all the candidate options using the TOPSIS method. To express the results more accurately, Benedetto and Kleme used the method of drawing a performance strategy map to directly express the advantages and disadvantages of the results [41]. In this paper, Figure 6 shows the score results using the TOPSIS method with three different weighting systems. In all three weighting methods, the least feasible scheme is option IV, and the reason behind this result is that the excess electricity in option IV is the highest among all the candidate options, which means that the majority of the electricity produced by renewable energy components is wasted. For option I and option II, part of the electricity is supplied by the grid, and this study considers that the electricity of the grid is provided by thermal power generation, which means that certain amounts of carbon dioxide emissions and higher grid transmission costs exist, so the feasibility of these two options decreases. In all three weighting methods, the most preferred option is option III, followed by option V. In this paper, the score of option III is higher than that of option V, and the reasoning behind this result can be divided into four factors, including technology, economy, environment, and society. From the perspective of the technical indicators, the proportion of excess electricity is the lowest and the ease of installation is the highest, which means that option III has a better technical performance and simpler construction techniques. From the perspective of the economy, option III’s initial cost and COE are lower than those of other distributed renewable energy system options because the cost of hydrogen storage systems is higher than that of battery storage systems. From the perspective of the environment, the area requirement and environmental impact of option III perform better than do those of option V. On one hand, the requirement of land surface area of PV panels is high, and the number of PV panels in option III is higher than that in option V. On the other hand, option V’s configuration includes wind turbines, which have greater a noise effect on the environment than option III. From the perspective of society, option III has lower technical requirements and is easier to implement because people in the research area have a better understanding of battery energy storage technology than hydrogen energy storage.





5. Conclusions


Promoting renewable energy utilization is challenging because it is related not only to local renewable resources but also to local policies and economic development levels. The XND area, as an area designated for green and low-carbon development, needs to fully utilize local renewable energy resources. To achieve this target in a short time, a method that combines the HOMER model and the TOPSIS method was proposed in this study, which is used to quantitatively evaluate the feasible renewable energy allocation strategy in the XND area.



The optimal configuration for each scenario, which are regarded as the candidate options to be assessed, can be determined through the simulation and optimization results of the HOMER model. Based on the TOPSIS method results, the optimal HRES options are option III and option V, which are composed of a 134.40 MW PV array, a 24 MW diesel generator, a 38.43 MW converter, and 19.6 MW batteries and a 168.43 MW PV array, 28 kW wind turbines, 15 MW diesel generators, a 39.20 MW converter, 75.6 MW batteries, a 20 MW fuel cell, a 10 MW electrolyser, and a 10 t hydrogen tank, respectively. To perform a more comprehensive assessment of the scenarios, we conducted technical, economic, environmental and social analyses of these two optimal scenarios. First, the renewable fractions of options III and V are 85.8% and 99.7%, respectively, which means that most of the electricity is generated from renewable energy. In addition, the excess electricity portions in option III and V are 6.77% and 25.1%, respectively. The excess electricity in option V can be improved by the development of hydrogen storage technology. Apart from the system configuration and technical analysis, this study also presents economic analysis results based on three indicators, including the initial cost, O&M cost and COE. The initial cost, O&M cost and COE of options III and V are 253 and 355 M$, 9.35 and 2.24 M$ and 0.203 and 0.209 $/kWh, respectively. Moreover, we also conduct an environmental analysis of each option. The CO2 emissions in option V are 345 t/yr, and this value is the minimum value among all the candidate options. The carbon dioxide emission reduction in option III ranks second, at 14,473 t/yr. In general, these two options have good environmental benefits and play important roles in improving the ecological environment and promoting carbon emission reduction.



Optimal HRES configuration selection in the XND area is realized by the quantitative evaluation method in combination with the HOMER model and the TOPSIS method. However, there are still limitations and uncertainties. On one hand, the limitations lie in the low applicability level of this method because different regions have different policies. This method is suitable for economically developed regions in which distributed renewable and hydrogen energy resources urgently need to be developed. On the other hand, uncertainties are embodied in the strong subjectivity of this approach because different experts have different opinions, which lead to different weights being applied in the TOPSIS method. Although this study adopts the AHP-CRITIC weighting method, there is still strong subjectivity because there are not enough samples of expert grading tables and there are few qualified experts. To alleviate the influence of subjectivity, other multi-objective evaluation methods will be applied in a future study. Despite these shortcomings, the research results provide a new approach for decision-makers and provide a useful reference for local renewable energy planning.
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Appendix A. Calculation of the AHP Method


Appendix A.1. Saaty Scale Table


The Saaty scale table is used to assess the importance of the indicators. The detailed information of the evaluation criteria is shown in Table A1.
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Table A1. Saaty scale table.






Table A1. Saaty scale table.





	Relative Importance of Ai to Aj
	Assignment Value





	Equal importance
	1



	Little importance
	3



	More importance
	5



	Highly importance
	7



	Extremely importance
	9



	Intermediate value of two adjacent judgements
	2; 4; 6; 8









Appendix A.2. Consistency Test


The general structure of the decision matrix can be calculated by (A1). On this basis, a consistency test is carried out. If the consistency test passes, which means that the consistency ratio (A2) is less than 0.1, the eigenvector (after normalization according to (A3)) is the weight vector. If not, the paired comparison matrix is reconstructed until it passes the consistency test. The process of the consistency test depends on the value of CR, which can be calculated by (A4) and detailed information on the RI value can be found in Table A2.


   [     1     A  12       …      A  1 n         1 /  A  12      1    …      A  2 n         …     …     …     …       1 /  A   1 n        1 /  A  2 n       …    1     ]  ×  [       W 1         W 2        …        W n       ]  =  [       B 1         B 2        …        B n       ]   



(A1)






   λ  m a x   =  1 n  ×   ∑  i = 1  n      B i     W i       



(A2)






   D i  =   ∑  j = 1  n      a  i j       ∑  k = 1  n    a  k j          



(A3)






   C R  =    λ  m a x   − n   ( n − 1 ) ×  R i     



(A4)
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Table A2. The RI value of consistent test.






Table A2. The RI value of consistent test.





	n
	1
	2
	3
	4
	5
	6
	7
	8
	9





	RI
	0
	0
	0.58
	0.9
	1.12
	1.24
	1.32
	1.41
	1.45










Appendix B. Calculation of the CRITIC Method


Appendix B.1. Dimensionless Treatment


The dimensionless treatment was fulfilled by (A5) and (A6) in this study.


   r  i j   =    x  i j   −  x  j min      x  j max   −  x  j min      



(A5)




where xij is a benefit indicator.


   r  i j   =    x  j max   −  x  i j      x  j max   −  x  j min      



(A6)




where xij is a cost indicator.




Appendix B.2. Standard Deviation Calculation


The standard deviation was calculated by (A7) in this study.


   σ j  =         ∑  i = 1  n   (  x  i j   −    x ¯    i j   )    2   m     



(A7)




where m is the number of option.




Appendix B.3. Correlation Coefficient Calculation


The correlation coefficient was calculated by (A8) in this study.


   r  j k   =     ∑  i = 1  m   (  r  i j   −    r ¯   j  )   × (  r  i k   −    r ¯   k  )       ∑  i = 1  m     (  r  i j   −    r ¯   j  )  2  ×   ∑  i = 1  m     (  r  i k   −    r ¯   k  )  2           



(A8)








Appendix B.4. Information Value Calculation


The information value was calculated by (A9) in this study.


   H j  =  σ i  ×   ∑  k = 1  K   ( 1 −  r  j k   )    



(A9)








Appendix B.5. Indicator Weight Calculation of Each Indicator Element


The indicator weight of each indicator element was calculated by (A10) in this study.


   w j  =    H j      ∑  j = 1  n    H j       



(A10)









Appendix C. Calculation of the TOPSIS Method


Appendix C.1. Normalization of the Decision Matrix


The normalization was achieved by (A11) in this study.


   t  ij   =      X  i j         ∑  i = 1 , j = 1  n    X  i j     2         ,  ( i = 1 , 2 , 3 … , n , j = 1 , 2 , 3 , … , n )  



(A11)







In this equation, tij and Xij refer to the element in the i-th column and j-th row of the decision matrix and normalization decision matrix, respectively.




Appendix C.2. The Search for Ideal Solutions


Ideal solutions in this study mean those with the maximum values of benefit indicators and the minimum values of cost indicators. This step was fulfilled by (A12) and (A13).


   V +  =  {   (  max  V  i j   | j ∈  j +   )  ,  (  min  V  i j   | j ∈  j −   )   }  = (  V 1    +  ,  V 2    +  , … ,  V n    +  )  



(A12)






   V −  =  {   (  min  V  i j   | j ∈  j +   )  ,  (  max  V  i j   | j ∈  j −   )   }  = (  V 1    −  ,  V 2    −  , … ,  V n    −  )  



(A13)




where j+ is the benefit indicator, j− is the cost indicator, V+ and V− refer to the best solutions and worst solutions in research area, respectively.




Appendix C.3. Calculate the Relative Distances from the Best and Worst Solutions


The relative distances from the best and worst solutions can be calculated by (A14) and (A15).


   S i    +  =     ∑  j = 1  m     (  V  i j   − V  j +  )  2      , i = 1 , 2 , … , n  



(A14)






   S i    −  =     ∑  j = 1  m     (  V  i j   − V  j −  )  2      , i = 1 , 2 , … , n  



(A15)




where Si+ and Si− are the relative distance of each option from the best solution and the worst solution.




Appendix C.4. The Calculation of the Closeness Coefficient


The closeness coefficient is used to evaluate all the candidate option in this study, and this coefficient can be calculated by (A16).


   F i  =    S i    −     S i    +  +  S i    −    , ( i = 1 , 2 , … , n )  



(A16)




where Fi refers to each option’s closeness coefficient.
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Figure 1. Flow chart of the HOMER-TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution) method of the Xiongan New District (XND) area. 
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Figure 2. (a) Location of the XND start-up area, (b) Coverage area of XND (These two maps are download from the basic plan of XND). 
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Figure 3. Configuration of the different hybrid renewable energy system (HRES) alternatives in this study. 
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Figure 4. Structure of the analytic hierarchy process (AHP) method in the XND. 
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Figure 5. Renewable resources in the XND. 
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Figure 6. Evaluation results of TOPSIS with three different weighting systems. 
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Table 1. Land surface requirement for each option.






Table 1. Land surface requirement for each option.





	Option
	PV(m2)
	Wind Turbines (m2)
	Area Requirement (m2)
	Proportion





	I
	504,367.50
	0.00
	504,367.50
	0.02



	II
	1,063,440.00
	0.00
	1,063,440.00
	0.04



	III
	1,007,962.50
	0.00
	1,007,962.50
	0.04



	IV
	800,850.00
	45,061.00
	845,911.00
	0.03



	V
	1,263,187.50
	28.00
	1,263,215.50
	0.05
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Table 2. Pairwise comparison to the criterion layer.
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	Indicator
	Technology
	Economy
	Society
	Environment
	Weight





	Technology
	1
	1/3
	1/7
	1/5
	0.06



	Economy
	3
	1
	1/5
	1/3
	0.12



	Society
	7
	5
	1
	3
	0.56



	Environment
	5
	3
	1/3
	1
	0.26







 λ max = 4.118; CR = 0.033; CR < 0.1; thus, this matrix passes the consistency test.
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Table 3. Pairwise comparison to the sub-criterion layer (technology layer).
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	Indicator
	Renewable Fraction
	Ease of Installation
	Excess Electricity
	Weight





	Renewable fraction
	1
	5
	3
	0.63



	Ease of installation
	1/5
	1
	1/3
	0.11



	Excess electricity
	1/3
	3
	1
	0.26







 λ max = 3.040; CR = 0.035; CR < 0.1; thus, this matrix passes the consistency test.
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Table 4. Pairwise comparison to the sub-criterion layer (economy layer).
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	Indicator
	Initial Cost
	O&M Cost
	Cost of Energy
	Weight





	Initial Cost
	1
	3
	1/3
	0.26



	O&M Cost
	1/3
	1
	1/5
	0.11



	Cost of Energy
	3
	5
	1
	0.63







 λ max = 3.040; CR = 0.035; CR < 0.1; thus, this matrix passes the consistency test.
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Table 5. Pairwise comparison to the sub-criterion layer (environment layer).
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	Indicator
	CO2 Emissions
	Area Requirement
	Environment Impact
	Weight





	CO2 emissions
	1
	5
	3
	0.63



	Area requirement
	1/5
	1
	1/3
	0.11



	Environment impact
	1/3
	3
	1
	0.26







 λ max = 3.040; CR= 0.035; CR < 0.1; thus, this matrix passes the consistency test.
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Table 6. Pairwise comparison to the sub-criterion layer (society layer).
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	Indicator
	Acceptability
	Willingness to Pay
	Weight





	Acceptability
	1
	3
	0.75



	Willingness to pay
	1/3
	1
	0.25







 λ max = 2.00; when the dimension of the matrix is equal to 2, the matrix passes the consistency test.
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Table 7. TOPSIS method decision matrix.
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	Indicator
	Option I
	Option II
	Option III
	Option IV
	Option V





	Renewable fraction (%)
	51.7
	59.9
	92.8
	65.6
	99.9



	Ease of installation
	11.9
	12.9
	17.7
	23.8
	11.9



	Excess electricity (%)
	3.04
	3.59
	8.96
	5.34
	3.04



	Initial cost (B $)
	91
	87
	444
	37
	91



	O&M cost (M $)
	0.148
	0.176
	0.328
	0.213
	0.148



	Cost of energy ($/kWh)
	560,000
	102,000
	891,000
	1062
	560,000



	CO2 emission (t/yr)
	1
	5
	3
	2
	1



	Area requirement
	3
	4
	2
	5
	3



	Environment impact
	1
	1
	1
	3
	1



	Acceptability
	3
	1
	3
	3
	3



	Willingness to pay
	1
	3
	3
	3
	1
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Table 8. TOPSIS method decision matrix after normalization.
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	Indicator
	Option I
	Option II
	Option III
	Option IV
	Option V





	Renewable fraction
	0.3028
	0.3508
	0.5435
	0.3842
	0.5851



	Ease of installation
	0.5394
	0.1348
	0.6742
	0.4045
	0.2697



	Excess electricity
	0.0232
	0.3452
	0.3742
	0.5134
	0.6904



	Initial cost
	0.1571
	0.2624
	0.3099
	0.7733
	0.4609



	O&M cost
	0.4387
	0.1766
	0.1689
	0.8618
	0.0718



	Cost of energy
	0.3158
	0.3095
	0.3681
	0.6860
	0.4455



	CO2 emission
	0.5750
	0.4333
	0.0789
	0.6895
	0.0008



	Area requirement
	0.1348
	0.4045
	0.5394
	0.2697
	0.6742



	Environment impact
	0.6547
	0.2182
	0.2182
	0.2182
	0.6547



	Acceptability
	0.1857
	0.5571
	0.1857
	0.5571
	0.5571



	Willingness to pay
	0.1857
	0.1857
	0.5571
	0.5571
	0.5571
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Table 9. Cost information of each component in the HRES options.
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System Component






	
Photovoltaic Panels unit (Generic flat plate)




	
Capital cost ($/kW)

	
1615




	
Operation and maintenance cost ($/year/kW)

	
2




	
Lifetime (year)

	
25




	
Derating factor (%)

	
80




	
Ground reflectance (%)

	
20




	
Wind turbine system unit (Generic)




	
Capital cost ($/kw)

	
1410




	
Operation and maintenance cost ($/year/kW)

	
3




	
Lifetime (year)

	
20




	
Hub height (m)

	
50




	
Batteries (EnerStore 50 Agile Flow Battery)




	
Type

	
Zinc-bromine flow




	
Nominal voltage (V)

	
100




	
Nominal capacity (kWh)

	
50




	
Nominal capacity (Ah)

	
500




	
Roundtrip efficiency (%)

	
72




	
Maximum Charge Current (A)

	
150




	
Maximum Discharge Current (A)

	
300




	
Capital cost ($/unit)

	
550




	
Replacement cost ($/unit)

	
495




	
Operation and maintenance cost ($/unit)

	
0




	
Lifetime (year)

	
10




	
String size

	
700




	
Voltage (V)

	
70,000




	
Initial state of charge (%)

	
100




	
Minimum state of charge (%)

	
10




	
Converter




	
Capital cost ($/kW)

	
300




	
Replacement cost ($/kW)

	
300




	
Operation and maintenance cost ($/year)

	
0




	
Lifetime (year)

	
15




	
Efficiency (%)

	
95




	
Electrolyser (generic)




	
Capital cost ($/kW)

	
600




	
Replacement cost ($/kW)

	
500




	
Operation and maintenance cost ($/year)

	
15




	
Lifetime (year)

	
10




	
Efficiency (%)

	
75




	
Hydrogen storage tank (generic)




	
Capital cost ($/kW)

	
470




	
Replacement cost ($/kW)

	
400




	
Operation and maintenance cost ($/year)

	
20




	
Fuel cell (Generic)




	
Capital cost ($/kW)

	
550




	
Replacement cost ($/kW)

	
400




	
Operation and maintenance cost ($/hour)

	
0.03




	
Lifetime (hour)

	
60,000




	
Fuel

	
Stored hydrogen




	
Diesel generator (Generic)




	
Capital cost ($/kW)

	
550




	
Replacement cost ($/kW)

	
495




	
Operation and maintenance cost ($/hour)

	
0.03




	
Lifetime (hour)

	
219,000




	
Diesel fuel price ($/l)

	
1




	
Minimum load ratio (%)

	
25
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Table 10. Configuration of the options to be evaluated in the research area.
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	Option
	PV (MW)
	Wind Turbine (kW)
	Diesel Generator (MW)
	Batter (MW)
	Converter (MW)
	Fuel Cell (MW)
	Electrolyser (MW)
	Hydrogen Tank (t)





	I
	67
	0
	24
	0.7
	45.0
	0
	0
	0



	II
	141
	0
	24
	20.3
	15.4
	25
	20
	10



	III
	134
	0
	24
	19.6
	38.4
	0
	0
	0



	IV
	107
	45,061
	20
	0
	8.1
	20
	35
	20



	V
	168
	28
	15
	75.6
	39.2
	20
	10
	10
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Table 11. Technology data of all candidate options.
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	Item
	I
	II
	III
	IV
	V





	Renewable fraction
	51.20%
	75.8%
	85.8%
	69.7%
	99.7%



	Excess electricity
	0.83%
	13.8%
	6.77%
	29.2%
	25.1%



	Grid power fraction
	48.5%
	16.3%
	0
	0
	0
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Table 12. Economic data of all candidate options.
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	Candidate option
	Initial Cost (M $)
	O&M Cost (M $)
	Cost of Energy ($/kWh)





	I
	130
	15.6
	0.159



	II
	288
	7.68
	0.188



	III
	253
	9.35
	0.203



	IV
	291
	30.3
	0.38



	V
	355
	2.24
	0.209
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Table 13. Information on the qualitative indicators of all HRES option.
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	Indicator
	I
	II
	III
	IV
	V





	Ease of installation
	4
	1
	5
	3
	2



	Environment impact
	3
	1
	1
	1
	3



	Acceptability
	1
	3
	1
	3
	3



	Willingness to pay
	1
	1
	3
	3
	3
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Table 14. The results of the AHP method in the XND area.
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Evaluation Index

	
Wbi

	
The Weight of Each Indicator




	
P1

	
P2

	
P3

	
P4




	
0.06

	
0.12

	
0.56

	
0.26




	
Wbi~Pi






	
Renewable fraction

	
0.63

	

	

	

	
0.038




	
Ease of installation

	
0.11

	

	

	

	
0.007




	
Excess electricity

	
0.26

	

	

	

	
0.016




	
Initial cost

	

	
0.26

	

	

	
0.031




	
O&M cost

	

	
0.11

	

	

	
0.013




	
Cost of energy

	

	
0.63

	

	

	
0.076




	
CO2 emission

	

	

	
0.63

	

	
0.353




	
Area requirement

	

	

	
0.11

	

	
0.062




	
Environment impact

	

	

	
0.26

	

	
0.146




	
Acceptability

	

	

	

	
0.75

	
0.195




	
Willingness to pay

	

	

	

	
0.25

	
0.065
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Table 15. The results of the Criteria Importance through Inter-Criteria Correlation (CRITIC) method in the XND area.
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	Indicator
	Standard Deviation
	Information Value
	Weight





	Renewable fraction
	0.37
	4.30
	0.10



	Ease of installation
	0.39
	3.49
	0.08



	Excess electricity
	0.42
	2.84
	0.07



	Initial cost
	0.36
	3.09
	0.07



	O&M cost
	0.38
	3.17
	0.07



	Cost of energy
	0.39
	2.70
	0.06



	CO2 emission
	0.42
	3.97
	0.09



	Area requirement
	0.37
	3.75
	0.09



	Environment impact
	0.55
	3.95
	0.09



	Acceptability
	0.55
	3.95
	0.09



	Willingness to pay
	0.55
	8.10
	0.19
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Table 16. Results of the AHP-CRITIC method in the XND area.
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	Indicator
	AHP Method
	CRITIC Method
	AHP-CRITIC Method





	Renewable fraction
	0.038
	0.100
	0.040



	Ease of installation
	0.007
	0.080
	0.005



	Excess electricity
	0.016
	0.065
	0.010



	Initial cost
	0.031
	0.071
	0.023



	O&M cost
	0.013
	0.073
	0.010



	Cost of energy
	0.076
	0.062
	0.050



	CO2 emission
	0.353
	0.092
	0.343



	Area requirement
	0.062
	0.087
	0.057



	Environment impact
	0.146
	0.091
	0.141



	Acceptability
	0.195
	0.091
	0.189



	Willingness to pay
	0.065
	0.187
	0.129
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