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Abstract

:

This study proposes a scientific method to assess the rationality of planning and design of self-sufficient wind power systems (SS-WPSs) at ports. The evaluation method proposed is based on the concept of integrated development of water transportation and a clean energy system, taking into account the demand of the former and the availability of the latter. First, the factors representing the property of the system from the perspectives of economy, environment, energy efficiency, self-sufficiency, and reliability are calculated. The evaluation method is developed by using a combined Analytical Hierarchy Process and Entropy Weight Method (AHP-EWM) to calculate the subjective and objective weights of these factors. Subsequently, a combined weighting method based on game theory is employed with the aim of minimizing deviations between the subjective and objective weights and the combination weights, thereby determining the optimal combination of weights of the evaluation factors. These weights will be used to calculate evaluation results under different planning schemes. To validate the effectiveness of the method, a case study is developed based on a wind power energy demonstration project at a dock of a container port. Study results reveal that Option C, considered in this study, outperforms other options with the highest evaluation score of 0.737. Sensitivity analysis further underscores the reliability of Option C, showing a robust 96.15% probability of achieving the maximum final score within a 20% variation range. This indicates that the case study demonstrates that intuitive and realistic evaluation results can be obtained from the proposed method. These results affirm the practicality of our approach, providing invaluable insights for planners, policymakers, and stakeholders involved in sustainable energy initiatives.
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1. Introduction


The continuous expansion of water transportation and shipping capacity has led to a substantial increase in the energy consumption of the water transport industry and of ports in particular. However, in order to address concerns regarding the consumption of fossil energy resources and prioritize environmental sustainability, port enterprises are now actively investigating alternative energy options. These alternatives include utilizing renewable energy sources such as wind, solar, and hydropower. The primary objective is to achieve self-sufficiency in satisfying their electric power demand and seamlessly integrating various energy solutions into port operations [1]. By doing so, ports can significantly reduce their carbon footprint and contribute to a greener and more eco-friendly maritime industry.



This is of great practical significance for the low-carbon, green development of the port transportation system. Considering factors such as feasibility, economy, and safety, wind power projects are one such choice for most ports, in order to create an integrated development of transportation and energy. However, the rationality of the planning and design scheme for self-sufficient wind power energy systems (SS-WPSs) at ports, considering various factors, needs to be evaluated comprehensively before they are built. When selecting evaluation factors, it is necessary to consider (i) the balance between long-term goals and short-term benefits in different planning stages [2], (ii) the economy and reliability of the planning and design scheme [3], (iii) the quality of the integrating energy system and supply [4], and (iv) the efficiency of the clean energy system from the perspective of harmonized operation of the corresponding power infrastructure, including “Source-Network-Load-Storage” [5]. In addition, it is important to consider the interaction between and influences within the system and society (i.e., environment) [6].



Existing research on the evaluation of energy systems focuses on distributed energy systems directly serving corresponding users. However, researchers in different countries like China are striving to encompass a broader spectrum, and this is clearly outlined within the context of the “Dual Carbon” strategy advocated by the Chinese government. These endeavors are not only limited to their reliability, economy, efficiency, and safety aspects but also the nuanced interactions between systems and how they affect the environment. This systematic approach entails the integration of environmental factors such as carbon emissions, pollutant emissions, and the advancement of clean energy. Based on these factors, Bai and Gan [7] developed a comprehensive evaluation system for natural gas energy distribution systems, including energy efficiency/economic and environmental impacts, which improved the comprehensive, scientific, and practical nature of the corresponding evaluation system. Similarly, Chen et al. [8] invented another set of energy system evaluation indices from the perspectives of energy, device, and distribution networks. Hu et al. [9] established a method for coordinating the operation of the “Source-Network-Load-Storage” of the clean power system by considering features such as dependability, economic efficiency, energy efficiency, cleanness, and low-carbon attributes. Meng and Luo [10] proposed 14 evaluation indicators including energy utilization rate, share of clean energy power, and carbon dioxide emissions. In general, these indicators are examined from the perspectives of energy, environment, and economy. Based on the five key dimensions e.g., technical benefits, environmental benefits, energy benefits, economic benefits, and social benefits, Shen et al. [11] established an evaluation framework for energy systems. However, prevailing research on integrated energy systems in various nations has predominantly emphasized grid interactivity, energy efficiency, and economic considerations. Notable prior studies by Tamoor et al. [12], Celo and Bualoti [13], and Andrade et al. [14], among others, have also been devoted to the establishment of reliability indicators for energy systems based on equipment failure rate and maintenance difficulty.



Numerous methods have been developed to evaluate energy systems, including subjective qualitative and objective empowerment approaches. These methods include hierarchical analysis [15], linear programming [16], fuzzy evaluation [17,18], the anti-entropy weighting method [19], data envelopment analysis [20], object element topology [21], etc. Due to the complexity of the energy system and the diversity of evaluation indicators, previous studies have attempted to integrate these evaluation methods. For instance, Han et al. developed a comprehensive evaluation framework for energy system distribution, utilizing the information entropy weighting method and grey relational analysis to explore the energy, economic, and environmental benefits of various energy system distribution strategies within a business park [22]. Teixeira proposed a performance indicators matrix that allows the evaluation and monitoring of energy consumption, energy costs, and CO2 emissions, leading to the identification of opportunities for performance improvement for continuous and sustainable development in municipalities [23]. Similarly, Yang et al. formulated an extensive set of benefit evaluation indices tailored to the fundamental characteristics of Integrated Energy Systems projects, and they subsequently developed a comprehensive benefit evaluation model based on the AHP-fuzzy theory [24]. Berjawi et al. presented a novel holistic evaluation framework based on the System-of-Systems approach for systems analysis coupled with an indicator-based approach for evaluation. This framework comprehensively addresses future changes in the energy system architecture while emphasizing the intricate interdependencies between various energy systems [25]. Wen et al. adopted a multi-faceted approach encompassing a fuzzy analytic hierarchy process, the Shannon entropy, and the single-objective optimization-Jaynes maximum entropy principle synthesis method, which enabled the establishment of subjective weights, objective weights, and all-encompassing weights for criteria assessment [26].



Currently, the development of quantitative evaluation models, which are capable of accommodating various evaluation indicators, for clean energy systems is limited. To bridge this gap, developing a comprehensive evaluation method for planning and designing the self-sufficient wind power energy system (SS-WPS) has become important, as this will provide guidelines for healthy development of this particular industry. This study proposes a comprehensive and scientific set of advanced evaluation methods encompassing five key domains, economy, environment, energy efficiency, self-sufficiency, and reliability, to dynamically/effectively tackle the pressing concerns posed by GHG emissions and ensure the integrity of a self-sufficient energy system. Additionally, a quantitative model is developed by calculating each indicator and incorporating it into the proposed AHP-EWM evaluation method. The primary objective of this paper is to advance the planning and design practice of SS-WPSs by providing a well-rounded and rigorous assessment framework that accounts for diverse considerations and enhances the decision-making process in implementing these systems. It is believed that the proposed method should provide a tool to scientifically scrutinize the rationality underpinning the planning and design of SS-WPSs at ports.




2. Study Method


To address the limitations of AHP in reflecting actual distribution and the vulnerability of EWM to extreme values, this paper proposes a new method that combines subjective and objective factors to determine the optimal combination of weights for evaluating SS-WPSs. Figure 1 presents a specific illustration of the study procedure.



2.1. Proposed Evaluation Indicators


Under the current policy support, SS-WPSs prioritize operational safety and stability by adopting a “self-sufficient with grid connection” mode. This approach involves utilizing surplus electricity generated on site and feeding it back to the State Grid, treating the grid as an infinitely large energy storage device. From an economic perspective, constructing an energy storage system within the planning period would significantly exceed the cost difference between purchasing electricity from the grid and selling surplus electricity back to the grid. Consequently, energy storage systems are typically not integrated into the configuration due to these economic considerations.



Based on the literature and considering the features of SS-WPSs, this study develops a set of evaluation indicator metrics for the storageless SS-WPSs that follow the systems engineering approach in a theoretically sound and practically convenient manner. The detailed indicators used in the proposed technique are shown in Table 1.



Given the numerous equations, Table 2 provides definitions and units for the terms used in this study.





 





Table 2. Nomenclature.






Table 2. Nomenclature.





	Parameter
	Description
	Units





	   I   
	Initial investment
	ten thousand yuan



	   n   
	The     n   t h     equipment of clean energy power generation equipment
	ten thousand yuan



	N
	Total amount of equipment
	-



	   P   c   n     
	Investment cost of equipment   n  
	ten thousand yuan



	     I c   n     
	Supporting infrastructure cost of equipment   n  
	ten thousand yuan



	     C   p e r , e     
	Cost per unit of electricity generated from wind turbines
	yuan/kWh



	   M   c   n     
	The maintenance cost of equipment   n   in the yth year
	ten thousand yuan



	Y
	The total planning period of use of the SS-WPS
	year



	     E   w p g     
	The yth year of electricity generated from the port’s wind turbines
	kWh



	     R O I   P I     
	The total return on investment in the planning period
	%



	     P   y     
	The benefits in the yth year after the construction of the SS-WPS
	ten thousand yuan



	     I   y     
	The costs in the yth year after the construction of the SS-WPS
	ten thousand yuan



	    D   p e l e    ,     D   s e l e    
	The average daily self-generated and self-consumed electricity from the SS-WPS and the surplus electricity sold to the State Grid for the yth year
	kWh



	    P   p e l e    ,     P   s e l e    
	The financial subsidy and the selling price of the electricity for the yth year
	yuan/kWh



	     E   r     
	The CO2 emission reduction
	tons (t)



	     β   h     
	The different fossil energy types used by the system
	-



	H
	The total number of fossil energy types
	-



	     E     β   h       
	The fossil energy     β   h     usage of the system in the yth year
	kg



	     a     β   h       
	Discounted factor for standard coal
	(see Table 3)



	δ
	The carbon emission factor of standard coal, referring to the value recommended by the Energy Research Institute of the National Development and Reform Commission as 0.67
	-



	     F     E   g r i d       
	electricity emission factor, which can be referred to as the baseline emission factor of China’s regional power grid for the 2019 emission reduction program
	-



	    M     p   m     0    ,     M     p   m     P    
	The     p   m     pollutant emissions of the system before and after planning, and m = 4 means co2;
	tons (t)



	     C     p   m       
	The environmental benefit for the reduction of the emissions of the mth pollutant, in which nox is taken as 8.00, SO2 is taken as 6.00, CO is taken as 1.00, and CO2 is taken as 0.023 [27,28,29]
	yuan/kg



	     R   a b     
	Wind turbine power abandonment rate
	%



	     E   a     
	The average annual power abandoned from the wind turbines
	kWh



	     E   s g     
	The average annual self-generated and self-utilized power generated from the wind turbines
	kWh



	     E   g p     
	The average annual on-grid power of wind turbine
	kWh



	     R   e l     
	The system electric load share
	%



	     E   c e     
	The total system electric load
	kWh



	     H     β   h       
	The heat of combustion of fossil energy per unit of     β   h     class
	(see Table 3)



	     ϖ   p     
	The average clean energy output coefficient of the system at peak load
	%



	     E   S p     
	The total amount of clean energy output of the system at peak hour
	kJ



	     E   Q p     
	The total amount of energy supply by the system at peak hour
	kJ



	     E   S     
	The total amount of clean energy generated by the system
	kWh



	A
	Availability rate of wind power generation equipment; the value ranges from 0 to 1
	-



	     I N   y     
	The average number of overhauling times of wind power generation equipment in port in the yth year, including faulty overhauling and planned inspection
	hour (h)



	     I N   t     
	The average single overhauling time in hours
	hour (h)



	     A E F   y     
	The number of equivalent full-load hours of the system in the yth year
	hour (h)



	M
	The average maintenance time of the SS-WPS
	hour (h)



	     M T   n     
	The average maintenance time of a single failure of   n   equipment
	hour (h)



	     Κ   v p     
	The average power margin of the system equipment
	%



	     P   m a x     
	The power value at the critical operation point
	MW



	   P   
	The average power value during the operation period
	MW










 





Table 3. Calorific value and conversion coefficient of commonly used fossil energy.






Table 3. Calorific value and conversion coefficient of commonly used fossil energy.





	Name of Energy Source
	Average Low Level Heat Generation
	Discount Factor for Standard Coal





	Raw coal
	20,908 kJ/kg
	0.7143 kgce/kg



	Refined coal
	26,344 kJ/kg
	0.9000 kgce/kg



	Coke
	28,435 kJ/kg
	0.9714 kgce/kg



	Crude oil
	41,816 kJ/kg
	1.4286 kgce/kg



	Fuel oil
	41,816 kJ/kg
	1.4286 kgce/kg



	Diesel
	43,070 kJ/kg
	1.4714 kgce/kg



	Gasoline
	43,070 kJ/kg
	1.4714 kgce/kg



	Diesel fuel
	42,652 kJ/kg
	1.4571 kgce/kg



	Liquefied petroleum gas
	50,179 kJ/kg
	1.7143 kgce/kg



	Refinery dry gas
	45,998 kJ/kg
	1.5714 kgce/kg



	Liquefied natural gas
	51,433 kJ/m3
	1.7572 kgce/m3



	Electricity (equivalent)
	3600 kJ/(kWh)
	0.1229 kgce/(kWh)







Data from “Port Energy Consumption Statistics and Analysis Methods GB/T 21339-2020 [30]”.











2.1.1. Economic Indicators


	
Initial investment






Initial investment plays a crucial role in determining the scale and complexity of the system to be built, the scope of its applicability, and the potential economic benefits it can yield. In the case of SS-WPSs, the initial investment includes the infrastructure costs and taxes of all wind turbines and their supporting facilities, as well as those for site preparation and on-site construction. The initial investment can be mathematically expressed, as shown in Equation (1).


  I =   ∑  n = 1   N    ( P   c   n   +   I c   n   )    



(1)




where   n   denotes the     n   t h     equipment of clean energy power generation equipment; N represents the total amount of equipment;    P   c   n     and     I c   n     denote the investment cost and infrastructure cost of equipment   n  , respectively; and the unit is ten thousand yuan.



	2.

	
Cost per unit of electricity







The cost per unit of electricity is used to measure the cost of electricity production using a SS-WPS at a port and to compare it with the electricity price from the State Grid. The expression for the cost unit of electricity is presented in Equation (2).


    C   p e r , e   =   I +   ∑  y = 1   Y      ∑  n = 1   N      x   n   · M   c   n           ∑  y = 1   Y      E   w p g        



(2)




where     C   p e r , e     is the cost per unit of electricity generated from wind turbines, in yuan/kWh;   M   c   n     denotes the maintenance cost of equipment   n   in the yth year, in ten thousand yuan; Y denotes the total planning period of use of the SS-WPS in years; and     E   w p g     denotes the yth year of electricity generated from the port’s wind turbines, in kWh.



	3.

	
Return on investment (ROI)







The return on investment (ROI) refers to the ratio between the earnings obtained within the planned duration and the total investment in the SS-WPS, calculated using Equations (3) and (4).


    R O I   P I   =   P r o f i t   I n v e s t m e n t   =     ∑  y = 1   Y      P   y       I +   ∑  y = 1   Y      ∑  n = 1   N      x   n   · M   c   n          



(3)






    P   y   = 365 × (   D   p e l e   ·   P   p e l e   −   D   s e l e   ·   P   s e l e   )  



(4)




where     R O I   P I     denotes the total return on investment in the planning period;     P   y     and     I   y     denote the benefits and costs in the yth year after the construction of the SS-WPS, in units of ten thousand yuan;     D   p e l e     and     D   s e l e     denote the average daily self-generated and self-consumed electricity from the SS-WPS and the surplus electricity sold to the State Grid for the yth year in units of kWh, respectively;     P   p e l e     and     P   s e l e     denote the financial subsidy and the selling price of the electricity for the yth year, in units of yuan/kWh, respectively.




2.1.2. Environmental Indicators


In the context of a SS-WPS, clean energy does not generate pollutants. However, vehicles, ships, transporting equipment, offices, and warehouses that traditionally use fossil fuels, such as coal and natural gas, will produce pollutants. Additionally, it is significant to consider the pollutants, primarily NOx, SO2, and CO, produced when generating the electricity purchased from the State Grid. Although some studies contend that CO2 is not an environmental pollutant, its impact as a greenhouse gas cannot be ignored [31]. The environmental indicators considered in this article are based on the average annual values during the entire planning period.



	
Reduction in carbon dioxide emissions






Reduction in carbon dioxide emissions is an important indicator with which to measure the effectiveness of the self-sufficient wind power system, as shown in Equation (5).


    E   r   =     ∑  y = 1   Y      ∑  h = 1   H        3.67 E     β   h     δ     a     β   h         +   E   g r i d     F     E   g r i d         Y    



(5)




where     E   r     denotes the CO2 emission reduction in tons (t);     β   h     is the different fossil energy types used by the system, and H is the total number of fossil energy types;     E     β   h       denotes the fossil energy     β   h     usage of the system in year y, and the unit is kg;     a     β   h       represents a discounted factor for standard coal (see Table 3); δ is the carbon emission factor of the standard coal, referring to the value recommended by the Energy Research Institute of the National Development and Reform Commission as 0.67; and     F     E   g r i d       is the electricity emission factor, which can be referred to as the baseline emission factor of China’s regional power grid for the 2019 emission reduction program.



	2.

	
Economic value of pollutant emission reductions







By replacing fossil fuels with renewable energy sources, we can determine the economic value of reducing emissions of different pollutants using Equation (6).


    E   p r   =   ∑  y = 1   Y      ∑  m = 1   4        M     p   m     0   −   M     p   m     P     ·   C     p   m         × 1000  



(6)




where     M     p   m     0     is the     p   m     pollutant emissions of the system before planning, and m = 4 means CO2 and     M     p   m     P     are the     p   m     pollutant emissions of the system after planning, respectively, in tons (t);     C     p   m       is the environmental benefit for the reduction of emissions of the mth pollutant, in which NOx is taken as 8.00 yuan/kg, SO2 is taken as 6.00 yuan/kg, CO is taken as 1.00 yuan/kg, and CO2 is taken as 0.023 yuan/kg.




2.1.3. Energy Efficiency Indicators


	
Combined wind power discount factor






The generation of wind power involves several stages, including production and transmission, which experience different types of losses. These losses ultimately lead to a decrease in theoretical power generation. The reduction factor can be calculated using Equation (7).


  Κ =     F   t f d   · F   a v a   ·   F   w e c   ·   F   l l , f p   ·   F   c , e i     · F   o c    



(7)




where   Κ   denotes the wind power generation discount factor;     F   t f d     denotes the tail flow discount factor;     F   a v a     denotes the availability coefficient;     F   w e c     denotes the wind energy conversion coefficient;     F   l l , f p     denotes the line loss and field power discount factor;     F   c , e i     denotes the climate and environmental impact discount factor; and     F   o c     denotes the discount factor of other constraints, including noise limitation, the influence of the surrounding buildings (obstacles), grid peaking, the long term limitation of the power, and so on.



	2.

	
Power abandonment rate







When wind power-generating equipment is undergoing maintenance or when there is an excess of electricity that cannot be absorbed by the State Grid, the loss of electrical energy resources can be quantified via the abandonment rate of the system using Equation (8).


    R   a b   =     E   a       E   a   +   E   s g   +   E   g p      



(8)




where     R   a b     denotes the wind turbine power abandonment rate (%);     E   a     denotes the average annual power abandoned from the wind turbines in kWh;     E   s g     denotes the average annual self-generated and self-utilized power generated from the wind turbines in kWh; and     E   g p     represents the average annual on-grid power of the wind turbines in kWh.




2.1.4. Self-Sufficiency Indicators


	
Loading ratio






Wind power generation equipment produces the energy from wind and converts it into electrical energy. Generally, the load ratio of the wind power system has a direct impact on overall energy efficiency, including fossil fuel consumption. This ratio is an important metric for evaluating the effectiveness of a self-sufficient wind power system. It is calculated using Equation (9).


    R   e l   =     E   c e   × 3600     E   c e   × 3600 +   ∑  h = 1   H      E     β   h     ·   A H G   x i       × 100 %  



(9)




where     R   e l     is the system electric load share;     E   c e     represents the total system electric load in kWh;     E     β   h       is described in Equation (5); and     H     β   h       is the heat of combustion of fossil energy per unit of     β   h     class, whose values can be retrieved from Table 2.



	2.

	
Loading ratio of clean energy during peak hour







The ratio of the total amount of clean energy output to the total amount of energy consumed by the system during peak hours is expressed in Equation (10).


    ϖ   p   =     E   S p       E   Q p     × 100 %  



(10)




where     ϖ   p     denotes the average clean energy output coefficient of the system at peak load,     E   S p     denotes the total amount of clean energy output of the system at peak hour in kilojoules (kJ), and     E   Q p     represents the total amount of energy supplied by the system at peak hour in kilojoules (kJ).



	3.

	
Self-sufficiency rate







The self-sufficiency rate of a SS-WPS is the ratio of the total amount of clean energy generated by the system to the total amount of electrical energy consumed by the system, expressed in Equation (11).


  ϖ =     E   S       E   T     × 100 %  



(11)




where     E   S     denotes the total amount of clean energy generated by the system in kWh, and     E   T     denotes the total amount of electric energy consumed by the system in kWh.




2.1.5. Reliability Indicators


	
Availability rate






The availability rate of a SS-WPS refers to its capacity to maintain the expected functionality for users at a given moment. It is calculated as a ratio of the system’s standard production time to the total operation time in a year. The availability of the equipment can be represented using Equation (12).


  A =     A E F   h       A E F   h   +   I N   y   ·   I N   t      



(12)




where A represents the availability rate of wind power generation equipment, and the value ranges from 0 to 1;     I N   y     denotes the average number of overhauling times of wind power generation equipment in a port in year y, including faulty overhauling and planned inspection;     I N   t     is the average single overhauling time in hours; and     A E F   y     represents the number of equivalent full-load hours of the system in year y, and the unit is hour (h).



	2.

	
Maintainability rate







Maintainability is the ability of the equipment of the port’s wind energy system to return to its original state of operation when it fails and has been repaired. Generally, it can be expressed in terms of the average repair time of the equipment using Equation (13).


  M =     ∑  n = 1   N      λ   n   ·   M T   n         ∑  n = 1   N      λ   n        



(13)




where M denotes the average maintenance time of the SS-WPS in hours (h), and     M T   n     represents the average maintenance time of the single failure of the   n   equipment of the SS-WPS equipment type i in hours (h).



	3.

	
Power margin







The SS-WPS, as a fundamental part of the port power system, needs to meet the relevant security requirements of the power system [32]. The power margin refers to the ratio between the maximum power of a wind turbine and its rated power using Equation (14).


    Κ   v p   =     P   m a x   − P   P   × 100 %  



(14)




where     Κ   v p     denotes the average power margin of the system equipment,     P   m a x     denotes the power value at the critical operation point in megawatts (MWs), and   P   represents the average power value during the operation period in megawatts (MWs).





2.2. Analytic Hierarchy Process (AHP)


In order to determine the subjective weights of indicators, this study uses the Analytic Hierarchy Process (AHP). The following steps are adopted: experts in this field are invited to evaluate the different components of a SS-WPS based on relevant indicators and assign values to them, in order to create a judgment matrix as shown in Table 4.



	
Normalize each column of the judgment matrix:







     q   i j   =     α   i j       ∑  j = 1   m      q   i j       ,    ( i , j = 1 , 2 , 3 … , m )    



(15)





	2.

	
Subsequently add up rows:








     r   i   =   ∑  j = 1   m      q   i j       



(16)





By standardizing the acquired outcomes, the intended weight vector is derived using the following equation.


    r   i   =     r   i       ∑  j = 1   m      r   j        



(17)







	3.

	
Consistency test:







The Consistency Ratio (CR) value is found by calculating the largest eigen root of the judgment matrix and thus the CR value.


    λ   m a x   =   ∑  i = 1   m      ( A r   )   i       m   r i        



(18)






   C R =     λ   m a x   − m   1.12 ( m − 1 )      



(19)







If the CR value is below 0.1, it meets the consistency requirements. This means the pairwise matrix is consistent, and the assigned values for the criteria and weight coefficients are reliable.




2.3. Entropy Weighting Method (EWM)


To determine the objective weights of indicators, the entropy weighting method (EWM) is employed, and the following steps are adopted:




	
Normalize indicators:








Assuming that there are m different system planning solutions being assessed, each with a set of n evaluation indicators, the evaluation matrix can be represented using Equation (20).


      X = ( x   m n   )   i × j   =  [       x   11       x   12     ⋯     x   1 j         x   21       x   22     ⋯     x   2 j       ⋮   ⋮   ⋱   ⋮       x   i 1       x   i 2     ⋯     x   i j       ]   



(20)







In the context of the EWM, the range method is used to normalize each column within the indicator or evaluation matrix. Nevertheless, the option remains to explore alternative normalization techniques tailored to the dataset’s characteristics (Equation (21)). This flexibility enhances our ability to adapt the methodology effectively.


    b   i j   =           x   i j   − m i n   x   i j     m a x   x   i j   − m i n   x   i j             m a x   x   i j   −   x   i j     m a x   x   i j   − m i n   x   i j            



(21)







Following normalization, the evaluation indicators exhibit a value range of 0 ≤     b   i j     ≤ 1. Subsequently, the normalization matrix is obtained by calculating the proportion, denoted as     P   i j    , of the jth indicator value within each scheme relative to the sum of all indicator values.


    P   i j   =     b   i j       ∑  j = 1   m      b   i j        



(22)







	2.

	
Indicator information entropy:







Information entropy value     e   j     for the jth metric:


    e   j   = −   1     ln  ⁡  m       ∑  i = 1   m      P   i j   l n ⁡   P   i j      



(23)







	3.

	
Determination of entropy weights for each indicator:







The entropy weight     ω   j     of the jth indicator can be calculated according to Equation (24).


    ω   j   =     1 −   e   j       ∑  i = 1   n    ( 1 −   e   j   )       .    



(24)








2.4. Combined Weighting Method


The combined weighting method, grounded in game theory, aims to optimize the weighting coefficients of various techniques, thereby minimizing the difference between the total weight and individual weights of each approach. The objective is to determine the most appropriate weight for the indicators. In evaluating the planning and design scheme for the SS-WPS, we utilize both the subjective weights obtained through AHP and the objective weights obtained through EWM. The combination of these two weight vectors constitutes the set of vectors denoted as “  w = {   ω   1   ,   ω   2   }  ”. The linear combination of these two weight vectors is represented in Equation (25).


  W =   α   1     ω   1   T   +   α   2     ω   2   T    



(25)







Based on the principles of game theory and coalition formation models, this study develops an objective function to optimize the weight coefficients     α   1     and     α   2    . In doing so, the primary objective is to minimize any differences or discrepancies.


  m i n ⁡ ∥ W −   ω   k     ∥   2   , k = 1,2  



(26)







By utilizing the principles of matrix differentiation, we can execute similar alterations. The system of linear equations that represents the conditions for the first-order derivative in optimization is expressed in Equation (27).


         ω   1     ω   1   T       ω   1     ω   2   T         ω   2     ω   1   T       ω   2     ω   2   T              α   1       α   2       =         ω   1     ω   1   T           ω   2     ω   2   T          



(27)







By solving the given equation, the optimal values for the weighting coefficients     α   1     and     α   2     can be determined. Once normalized, these coefficients will give the final combined weight W.


  W =   α   1   *     ω   1   T   +   α   2   *     ω   2   T    



(28)




where     α   1   *   =     α   1       α   1   +   α   2     ;   α   2   *   =     α   2       α   1   +   α   2      .



The final score, denoted as S, for the evaluation of the port’s wind power self-sufficient energy system planning program is presented in Equation (29).


  S =   b   i j   · W × 100  



(29)




where     b   i j     is the result of Equation (21).




2.5. Sensitivity Analysis


The evaluation of the planning and designing program for a SS-WPS at ports requires a comprehensive analysis and a decision-making approach. The analysis must consider the evolving macro perspective, shaped by various influential factors. Acknowledging the intricacies and complexities involved is vital.



During the analysis of a SS-WPS investment project, it is crucial to account for potential errors in estimating various factors. Economic analyses of these variables are not constant but can fluctuate within specific ranges. Therefore, conducting sensitivity analysis is imperative to avoid drawing absolute conclusions based on limited knowledge [33]. This approach enables us to anticipate and be prepared for potential changes in advance.



In essence, sensitivity analysis serves the purpose of assessing how changes in different factors impact the economic evaluation indicators of a project. Its goal is to identify the most influential factors affecting these indicators, compare multiple programs to select the most efficient and sensitive option, and predict potential outcomes post-project implementation to ensure desired goals are achieved.



In this study, the proposed methodology underwent sensitivity analysis for uncertainty indicators. The primary analytical approach involved adjusting one indicator at a time for each of the four planning schemes, using one-factor analysis to make ±10% and ±20% adjustments [34,35]. Subsequently, all indicators were sequentially analyzed to identify the most sensitive one. The sensitivity of the indicator is calculated using Equation (30).


  S e n = |   ∆ S   ∆ I n d   |  



(30)




where   ∆ S   is the rate of change in value of final score, and   ∆ I n d   is the rate of change in raw value of the indicator..





3. Case Study


This paper examines the planning and design of a wind power energy project at Dock A (a container terminal in China). Dock A spans about 750,000 square meters of land and 300,000 square meters of sea area. The primary infrastructure consists of the port terminal, storage yards, and internal roads, covering an area of around 824,000 square meters. The total built-up area for production and auxiliary buildings is approximately 19,265 square meters.



3.1. Load Analysis


The primary components contributing to the power load of Dock A include terminal lifting equipment, ship shore power, auxiliary power equipment, office and electricity for housekeeping (including air conditioning and electric heating), and public lighting. The annual electricity consumption varies between 50–60 million kWh and is significantly affected by port throughput. Figure 2 illustrates the variation of power load in 2022, with a granularity of 2 h.




3.2. Wind Energy Resource


According to the ERA-5 statistical data, the region under study experiences higher wind speeds during winter and spring, while wind speeds are relatively lower during summer and autumn. This significant variation in wind speed throughout the seasons indicates a distinct seasonal pattern in the region’s wind characteristics. On average, the wind speed for the years considered (from 1992 to 2020) is approximately 6.0 m/s (Figure 3). This corresponds to wind power densities of 266.6 W/m2 and 286 W/m2. Based on this information, the wind farm is classified as Level 1, indicating that it has favorable wind resources. In addition, the average monthly wind speeds over the above periods also show a significant variation, ranging from 4.727 m/s in August to 7.434 m/s in April (Table 5).



Based on the wind data collected from the wind tower near the field area, specifically from 18 October 2016 to 25 August 2020, covering a duration of over three years, this study intends to employ this dataset for the analysis and computation of power generation for Dock A.



The annual average wind speeds measured at different heights of the wind tower are as follows: 120 m (estimated)–6.32 m/s, 110 m–6.20 m/s, 100 m–6.08 m/s, 80 m–5.89 m/s, 70 m–5.79 m/s, 50 m–5.55 m/s, 30 m–5.11 m/s, and 10 m–4.43 m/s (Table 6). Correspondingly, the annual average wind power densities at these heights are: 286 W/m2, 271 W/m2, 255 W/m2, 234 W/m2, 220 W/m2, 196 W/m2, 164 W/m2, and 108 W/m2 (Table 7). It is note-worthy that wind speed and wind power density exhibit a trend of being higher from March to May and lower between July and August.



The primary wind directions observed are SSE (South–South-East), SW (South–West), and NW (North–West), with NNW (North–North-West) being the main direction of wind energy. By analyzing the wind direction and wind energy at various heights using rose diagrams, it is evident that the frequency and distribution of wind are relatively concentrated throughout the year (Figure 4a,b). The dominant direction of wind energy is particularly prominent, which is advantageous for the arrangement of wind turbines and the effective utilization of wind energy resources in the wind farm.




3.3. Operational Modes


Dock A intends to implement the construction plan of a SS-WPS with a “self-sufficient with grid connection” approach. Consequently, the microgrid will be interconnected with both the State Grid and the wind power system (Figure 5). This will ensure port’s electricity requirements are fulfilled by utilizing the dynamic combination of wind power and the power from the State Grid.



In the context of the above approach, the microgrid of the port area operates in three modes:




	
Under the first mode, if the wind power generation system does not produce enough electricity to meet the load, additional electricity is obtained from the State Grid to fulfill the demand.



	
Under the second mode, when there is sufficient wind power generated, the system meets the load requirements and may produce extra electricity. The surplus electricity from the microgrid is then sold/sent back to the State Grid.



	
Under the third mode, when the output of the wind power generation system is enough to satisfy the load requirements, there is excess electricity. However, under this state, the surplus electricity generated by the microgrid, with that from the State Grid, surpasses the State Grid’s capacity. As a result, the production of wind and solar power needs to be reduced or curtailed.









3.4. Planning Scheme


Based on the evaluation of the potential for producing wind energy in the Dock A area, taking into account the energy requirements of the corresponding transportation demand and the layout of existing infrastructure, facilities, and machinery, it is found that the wind turbines of IEC III C class and their height are suitable for the wind farm at Dock A. Four different planning options are suggested as alternatives, as shown in Table 8.





4. Results


4.1. Quantification of Evaluation Indicators


According to the data related to the above four alternative planning schemes of Dock A and the data on wind power, the value of each indicator under different scenarios is sequentially quantified using the quantitative method proposed in this paper, and the results are presented in Table 9.




4.2. Combined Weighting of Indicators


To ensure a scientific and objective scoring process, we invited four experts to participate and contribute to determine the weights used in the Analytic Hierarchy Process (AHP). As an illustration, here is the relative importance matrix completed by the first expert, which includes scoring for the first-level indicators of the SS-WPS. Table 10 shows the relative importance matrix of first-level evaluation indicators of the AHP. The consistency ratio (CR) values for the relative importance matrices provided by all four experts are 0.0541, 0.0743, 0.0521, and 0.0046. These values, all below 0.1, successfully meet the consistency test criteria.



According to Equations (21)–(23), we calculated the weight vector for each indicator in sequence. The average values of the weight vectors provided by the experts are then used as the subjective weight values for the indicators used in the AHP (Table 11).



According to Equations (21)–(23), we standardized and normalized the quantitative value of each indicator, and the results are presented in Table 12.



The standardized indicators were utilized to compute the entropy weight values for each indicator to determine the objective weight using EWM (Table 13).



According to the combined weighting method, a comprehensive evaluation model was developed using a combination of the objective EWM and the subjective AHP method. This methodology allowed subjective and objective weights of different indicators to be determined. According to game theory, Figure 6 and Table 14 show the optimal combination weight.



According to the data presented in Table 14 and Figure 6, it can be observed that when using the AHP method to determine the weights of the indicators, the weight of indicator     A   3    , which represents the return on investment, is significantly higher than the other indicators, reaching 0.301. However, it is significant to note that the limited number of alternative scenarios in the planning and design of SS-WPSs has resulted in unrealistically higher weight for some of the indicators based on the planning scenarios and corresponding results. This estimation may lead to lower reliability when using the EWM for comprehensive evaluation. On the other hand, the combined weighting method based on game theory incorporates the subjective opinions of experts and the objective attributes of the data, which is more scientific and rational in assigning weight to each indicator.




4.3. Comprehensive Evaluation Results


According to the indicators obtained, the quantified results of evaluation indicators are first standardized. The optimal combined weight vector is then used to multiply the two datasets, following the principle of developing a hierarchical indicator system. This process results in the final evaluation outcome (Table 15).



Based on the comprehensive assessment results for the four alternative approaches, it is evident that Option A has the lowest evaluation score of 0.271, while Option C has the highest evaluation score of 0.737. Given these evaluation results, it is advisable to select Option C.



The stability and reliability [36] of assessment outcomes are commonly used to evaluate the effectiveness of an evaluation technique. In our performance evaluation of planning schemes, we utilized sensitivity analysis to ensure the stability of the method’s outcomes. Accuracy was assessed by comparing the rankings of planning schemes obtained through different methods.



During sensitivity analysis of the metrics specific to the case study data, we believe that a sensitivity value of indicator between 0.5 and 1 signifies that the indicator is moderately sensitive, while a value exceeding 1 shows significant sensitivity for that metric. Our assessment involves evaluating the sensitivity of each metric across various planning schemes and calculating their average values, as illustrated in Figure 7. The sensitivity analysis results show that the indicators    A 1    Initial investment,    A 2    Cost per unit of electricity,    A 3    Return on investment (ROI),    C 1    Combined wind power discount factor,    D 3    Self-sufficiency rate and    E 1    Availability rate, with sensitivity values falling within the range of 0.5 to 1. On the other hands,    B 1    the decrease in carbon dioxide emissions, exhibits a sensitivity value of 1.17. This value suggests that    B 1    is the most sensitive indicator in the analysis.



Limiting the sensitivity analysis variation range to within 20% ensures reliable results. The evaluation demonstrates a stable and fault-tolerant method, with Option C potentially reaching a maximum final score of 96.15%. This highlights the robustness of the approach outlined in this paper. However, caution is needed, particularly when collecting quantitative data for indicators like    B 1    the decrease in carbon dioxide emissions. Uncertainties related to these indicators can significantly impact planning scheme scores. It is advisable to conduct multiple verifications to enhance result credibility.



To comprehensively validate the rationality of the SS-WPS benefit evaluation model, this paper employed three commonly used evaluation methods in the field of MCDM, namely EWM, TOPSIS [37], and rank sum ratio (RSR) [38]. The paper presents the final scores and ranks of various planning schemes evaluated by these three methods in Table 16. Remarkably, the ranking outcomes from these three methods align with the approach utilized in this study, affirming the consistency and reliability of the proposed evaluation method.



Compared to the conventional EWM method, the combined AHP-EWM integrates the subjective preferences of industry experts, giving importance to the strengths of Option C that closely align with the anticipated planning results. It also addresses the limitations of relying solely on subjective preferences for index weighting. This approach enhances the effectiveness of the evaluation results, ensuring they align with the anticipated expectations and outcomes.





5. Conclusions and Recommendations


This study comprehensively reviewed the methods used to evaluate planning and design schemes of self-sufficient wind power energy systems (SS-WPSs) reported in previous research. This paper specifically focuses on evaluation methods for SS-WPSs. In order to do so, this study identifies 13 secondary indicators derived from the following five aspects: economy, environment, energy efficiency, self-sufficiency, and reliability. By employing these indicators, this study establishes a multi-dimensional evaluation method to thoroughly assess SS-WPSs and provide a holistic understanding of their impact and effectiveness.



The values of these indicators are quantified using the relevant data from the planning and design scheme of the SS-WPS at Dock A of the case study port. Additionally, this study incorporates game theory and a logical decision-making process to determine the optimal combination of subjective and objective weights through hierarchical analysis and entropy weighting. To validate the effectiveness of the method, a case study is developed based on a wind power energy demonstration project at a dock of a container port. Study results reveal that Option C, considered in this study, outperforms other options with the highest evaluation score of 0.737. Sensitivity analysis further underscores the reliability of Option C, showing a robust 96.15% probability of achieving the maximum final score within a 20% variation range. This indicates that the case study demonstrates that intuitive and realistic evaluation results can be obtained from the proposed method. This allows for a comprehensive and scientific evaluation of the planning and design scheme, leading to the following conclusions:




	(1)

	
This study aims to critically analyze the characteristics of planning and design schemes for SS-WPSs at ports to overcome the current limitations within the methods for evaluating these schemes. Furthermore, a multi-criteria evaluation model has been developed for assessing these planning and design schemes.




	(2)

	
When evaluating the planning and design of SS-WPSs from various perspectives, it is crucial to give priority to economic and environmental indicators. Additionally, it is essential to take into account the interconnectedness of these indicators to prevent any potential issues with the evaluation outcomes.




	(3)

	
In situations where there is not enough data available during the planning process, a combined weighting method is proposed and utilized to integrate subjective and objective weights. This helps to prevent the problem of having “unrealistic” weights for different indicators. Consequently, this study presents a novel weighting approach for assessing and evaluating the planning and designing of SS-WPSs at ports. The case study validates that the approach proposed in this paper can be applied to all storageless SS-WPSs.




	(4)

	
It is important to carefully monitor metrics such as initial investment, cost per unit of electricity, return on investment (ROI), combined wind power discount factor, self-sufficiency rate, availability rate, and the decrease in carbon dioxide emissions. It is advisable to verify these metrics multiple times as uncertainty in their data significantly impacts the assessment outcomes.









The success of SS-WPSs is determined by the critical selection of equipment and capacity during the planning phase. This study proposes a method for evaluating the planning and design scheme of the system based on a set of limited factors, while future research should consider additional design factors, such as equipment layout and safety clearance, to create a more comprehensive evaluation model. The results obtained from this study can provide practicality and invaluable insights for planners, policymakers, and stakeholders involved in sustainable energy initiatives.
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Figure 1. Workflow for determining optimal combination weight based on a combined AHP-EWM. 






Figure 1. Workflow for determining optimal combination weight based on a combined AHP-EWM.



[image: Sustainability 15 16189 g001]







[image: Sustainability 15 16189 g002] 





Figure 2. Variation of electric load in the port area under study in 2022 (granularity 2 h). 
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Figure 3. ERA-5 historical average wind speed. 
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Figure 4. Rose diagrams at different heights at the case study site. 
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Figure 5. The microgrid structure of the self-consistent wind power energy system. 
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Figure 6. Comparison of the weights between subjective and objective, and the optimal weight. 
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Figure 7. Average of sensitivities for indicators corresponding to planning schemes. 
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Table 1. Proposed evaluation indicators for SS-WPSs.
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Goal

	
Content

	
Indicator Name

	
Indicator Number






	
Comprehensive Evaluation of

Planning and Design of Self-Sufficient Wind Power Energy Systems at Ports

	
Economic

	
Initial investment

	
     A   1     




	
Cost per unit of electricity

	
     A   2     




	
Return on investment (ROI)

	
     A   3     




	
Environmental

	
The decrease in carbon dioxide emissions

	
     B   1     




	
Economic value of pollutant emission reductions

	
     B   2     




	
Energy efficiency

	
Combined wind power discount factor

	
     C   1     




	
Power abandonment rate

	
     C   2     




	
Self-sufficiency

	
Loading ratio

	
     D   1     




	
Loading ratio of clean energy during peak hour

	
     D   2     




	
Self-sufficiency rate

	
     D   3     




	
Reliability

	
Availability rate

	
     E   1     




	
Maintainability rate

	
     E   2     




	
Power margin

	
     E   3     











 





Table 4. Scaling method.
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	Relative Importance
	Quantitative Value





	i is just as important as j.
	1



	i is slightly more important than j
	3



	i is significantly more important than j
	5



	i is more strongly important than j
	7



	i is definitely more important than j.
	9



	Intermediate value between two neighboring degrees
	2, 4, 6, 8










 





Table 5. ERA-5 average monthly wind speed in m/s.
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	January
	February
	March
	April
	May
	June





	5.633
	5.936
	6.817
	7.434
	7.174
	6.161



	July
	August
	September
	October
	November
	December



	5.329
	4.727
	5.363
	6.032
	6.068
	5.862










 





Table 6. Measured monthly wind speed (m/s) by height.
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	Hight of Wind Tower

(m)
	January
	February
	March
	April
	May
	June
	July
	August
	September
	October
	November
	December
	Annual Average





	120
	6.27
	6.33
	6.91
	7.53
	7.35
	6.71
	5.66
	5.55
	5.54
	5.88
	5.95
	6.11
	6.32



	100
	5.99
	6.04
	6.59
	7.19
	7.07
	6.51
	5.55
	5.43
	5.33
	5.66
	5.7
	5.87
	6.08



	80
	5.74
	5.81
	6.32
	6.87
	6.84
	6.33
	5.43
	5.37
	5.23
	5.52
	5.55
	5.7
	5.89



	70
	5.59
	5.69
	6.16
	6.71
	6.71
	6.28
	5.41
	5.33
	5.16
	5.42
	5.43
	5.54
	5.79



	50
	5.29
	5.39
	5.86
	6.36
	6.43
	6.13
	5.31
	5.21
	4.97
	5.2
	5.22
	5.27
	5.55



	30
	4.82
	4.88
	5.32
	5.82
	5.9
	5.75
	5.06
	4.9
	4.58
	4.77
	4.78
	4.81
	5.11



	10
	4.1
	4.12
	4.52
	5.02
	5.17
	5.07
	4.48
	4.34
	3.95
	4.12
	4.14
	4.15
	4.43










 





Table 7. Wind power density (W/m2) in the measured years by height.
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	Hight of Wind Tower

(m)
	January
	February
	March
	April
	May
	June
	July
	August
	September
	October
	November
	December
	Annual Average





	120
	307
	308
	375
	437
	371
	281
	181
	195
	176
	238
	276
	286
	286



	100
	269
	270
	324
	381
	333
	256
	169
	185
	158
	215
	249
	253
	255



	80
	248
	248
	289
	334
	301
	234
	158
	176
	149
	202
	238
	238
	234



	70
	228
	230
	265
	306
	283
	225
	154
	171
	141
	189
	223
	220
	220



	50
	200
	203
	228
	262
	250
	209
	145
	159
	128
	173
	203
	194
	196



	30
	168
	168
	182
	208
	205
	180
	129
	138
	108
	147
	175
	163
	164



	10
	111
	105
	112
	132
	136
	121
	88
	99
	71
	98
	117
	111
	108










 





Table 8. Options for potential wind energy systems.






Table 8. Options for potential wind energy systems.





	Planning Scheme
	Option A
	Option B
	Option C
	Option D





	Crew *
	WTG5000
	GW155-4.5
	WTG5000 & GW155-4.5
	WH10,000



	Amount of equipment
	4
	5
	3/2
	3



	Set term of years
	20
	20
	20
	20



	Total cost (ten thousand yuan)
	14,226
	15,240
	14,957
	16,224



	Total installed capacity (MW)
	20
	15
	21
	36



	Rated power (kW)
	5000
	4500
	4500
	10,000







* WTG5000, GW155-4.5, and WH10,000 indicate the model numbers of the wind turbines, which are generally named according to their rated power.













 





Table 9. Quantified results of indicators.
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	Indicator Number
	Option A
	Option B
	Option C
	Option D





	     A   1     
	14,226
	15,240
	14,957
	16,224



	     A   2     
	0.148
	0.145
	0.131
	0.165



	     A   3     
	0.060
	0.058
	0.071
	0.048



	     B   1     
	65,113
	68,005
	70,077
	65,928



	     B   2     
	5873
	6503
	7107
	6051



	     C   1     
	0.804
	0.811
	0.805
	0.795



	     C   2     
	0.016
	0.009
	0.013
	0.015



	     D   1     
	0.583
	0.624
	0.670
	0.594



	     D   2     
	0.521
	0.625
	0.674
	0.734



	     D   3     
	0.782
	0.858
	0.930
	0.804



	     E   1     
	0.845
	0.864
	0.836
	0.862



	     E   2     
	12.165
	11.438
	13.191
	8.506



	     E   3     
	3.210
	1.580
	2.310
	5.420










 





Table 10. Relative importance matrix of first-level evaluation indicators of the AHP.






Table 10. Relative importance matrix of first-level evaluation indicators of the AHP.













	
	Economic
	Environmental
	Energy Efficiency
	Self-Sufficiency
	Reliability





	Economic
	1
	3
	5
	4
	6



	Environmental
	0.333
	1
	3
	2
	5



	Energy efficiency
	0.2
	0.333
	1
	0.333
	0.5



	Self-sufficiency
	0.25
	0.5
	3
	1
	0.25



	Reliability
	0.167
	0.2
	2
	4
	1










 





Table 11. Subjective weights used in the Analytic Hierarchy Process (AHP).






Table 11. Subjective weights used in the Analytic Hierarchy Process (AHP).





	
Content

	
Weight at Content

	
Indicator Number

	
Weight at Indicator

	
Weight (AHP)






	
Economic

	
0.490

	
    A 1    

	
0.117

	
0.057




	
    A 2    

	
0.269

	
0.132




	
    A 3    

	
0.614

	
0.301




	
Environmental

	
0.239

	
    B 1    

	
0.749

	
0.179




	
    B 2    

	
0.251

	
0.06




	
Energy efficiency

	
0.061

	
    C 1    

	
0.197

	
0.012




	
    C 2    

	
0.803

	
0.049




	
Self-sufficiency

	
0.094

	
    D 1    

	
0.17

	
0.016




	
    D 2    

	
0.106

	
0.01




	
    D 3    

	
0.724

	
0.068




	
Reliability

	
0.116

	
    E 1    

	
0.225

	
0.026




	
    E 2    

	
0.672

	
0.078




	
    E 3    

	
0.103

	
0.012











 





Table 12. Normalized indicators.
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	Indicator Name
	Positive or Negative
	Option A
	Option B
	Option C
	Option D





	    A 1    
	NEG
	0.470
	0.231
	0.298
	0.000



	    A 2    
	NEG
	0.239
	0.282
	0.479
	0.000



	    A 3    
	POS
	0.267
	0.222
	0.511
	0.000



	    B 1    
	POS
	0.000
	0.334
	0.572
	0.094



	    B 2    
	POS
	0.000
	0.309
	0.604
	0.087



	    C 1    
	POS
	0.257
	0.457
	0.286
	0.000



	    C 2    
	NEG
	0.000
	0.636
	0.273
	0.091



	    D 1    
	POS
	0.000
	0.295
	0.626
	0.079



	    D 2    
	POS
	0.000
	0.221
	0.326
	0.453



	    D 3    
	POS
	0.000
	0.309
	0.602
	0.089



	    E 1    
	POS
	0.143
	0.444
	0.000
	0.413



	    E 2    
	NEG
	0.137
	0.235
	0.000
	0.628



	    E 3    
	POS
	0.263
	0.000
	0.118
	0.619










 





Table 13. The objective weights used in the entropy weighting method (EWM).
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	Indicator Number
	Entropy Value e
	Utility Value d
	Weight (EWM)





	    A 1    
	0.761
	0.239
	0.059



	    A 2    
	0.759
	0.241
	0.060



	    A 3    
	0.743
	0.257
	0.064



	    B 1    
	0.656
	0.344
	0.086



	    B 2    
	0.635
	0.365
	0.091



	    C 1    
	0.769
	0.231
	0.058



	    C 2    
	0.621
	0.379
	0.095



	    D 1    
	0.617
	0.383
	0.096



	    D 2    
	0.764
	0.236
	0.059



	    D 3    
	0.639
	0.361
	0.090



	    E 1    
	0.725
	0.275
	0.069



	    E 2    
	0.654
	0.346
	0.086



	    E 3    
	0.65
	0.35
	0.087










 





Table 14. Results of the calculations of the optimal combination weights.
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	Indicator Number
	AHP
	EWM
	Game Theory

Combination Weights





	    A 1    
	0.057
	0.059
	0.058



	    A 2    
	0.132
	0.060
	0.092



	    A 3    
	0.301
	0.064
	0.171



	    B 1    
	0.179
	0.086
	0.128



	    B 2    
	0.060
	0.091
	0.077



	    C 1    
	0.012
	0.058
	0.038



	    C 2    
	0.049
	0.095
	0.074



	    D 1    
	0.016
	0.096
	0.060



	    D 2    
	0.010
	0.059
	0.037



	    D 3    
	0.068
	0.090
	0.080



	    E 1    
	0.026
	0.069
	0.050



	    E 2    
	0.078
	0.086
	0.082



	    E 3    
	0.012
	0.087
	0.053










 





Table 15. Comprehensive evaluation results for different planning scheme.
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	Planning Scheme
	Option A
	Option B
	Option C
	Option D





	score
	0.271
	0.550
	0.737
	0.281










 





Table 16. Combined evaluation results of TOPSIS and RSR method.
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Planning Scheme

	
Option A

	
Option B

	
Option C

	
Option D






	
Combined

AHP-EWM

	
Score

	
0.271

	
0.550

	
0.737

	
0.281




	
Rank

	
4

	
2

	
1

	
3




	
EWM

	
Score

	
0.233

	
0.563

	
0.660

	
0.362




	
Rank

	
4

	
2

	
1

	
3




	
TOPSIS

	
Score

	
0.312

	
0.536

	
0.600

	
0.422




	
Rank

	
4

	
2

	
1

	
3




	
RSR

	
Score

	
0.431

	
0.633

	
0.762

	
0.532




	
Rank

	
4

	
2

	
1

	
3
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