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Developing an airport sustainability evaluation index through 1 

composite indicator approach 2 

 3 

Abstract 4 

This paper proposes a holistic definition of airport sustainability comprising social, economic, operational, and environmental 5 

dimensions. Methodologically, a composite indicator approach is applied to build the Airport Sustainability Evaluation Index 6 

(ASEI), which aims to benchmark airports’ sustainability performance across the four dimensions. To justify the issue of 7 

subjectivity in composite indicator building, two different methods are used in each of the normalization, weighting, and 8 

aggregation processes. Consequently, this forms eight composite indicator building schemes. Then, a variance-based sensitivity 9 

analysis, average shift in ranking (ASR), and Cronbach’s alpha test are performed to examine the sensitivity and reliability among 10 

the eight schemes. Schiphol airport is selected as a demonstration to validate the ASEI with its data from 2012 to 2021 as inputs. 11 

The results reveal a significant consensus among the eight schemes in identifying the outstanding and bottom performers across 12 

the analyzed period. Additionally, weighting is found to be the most influential composite indicator building process. Further, the 13 

scheme with the most significant contribution to the result reliability found in this paper is re-scaling as the normalization method, 14 

Benefit-of-the-doubt (BoD) as the weighting method, and Non-compensatory multi-criteria approach (NCMC) as the aggregation 15 

method.  16 

 17 

Keywords: Airport sustainability, Sustainability evaluation, Composite indicator, Sensitivity analysis. 18 

1. Introduction 19 

Airports are vital energy- and capital-intensive investments facilitating intermodal transmission for both people and 20 

goods. Therefore, airports are endowed with dual obligations to maximize socio-economic initiatives while 21 

minimizing negative impacts on the environment. From this point of view, airport sustainability is an essential topic 22 

in the world transportation network which involves striking a balance between these obligations. Furthermore, due to 23 

the strong dependence of the air transport industry on scarce resources, even if current equipment and techniques were 24 

fully optimized, this would not make European air transport sustainable in the longer term without significant changes 25 

in technology or supporting framework. 26 

Prior to the outbreak of Covid-19, the aviation and aerospace industry in the EU employed an estimated 408,000 27 

people directly in 2019, representing 0.2% of total employment (Eurostat, 2020). According to European Commission 28 

(2021, p.1), the aviation and aerospace industry contributed to the EU’s GDP by an estimated 2.1% in 2017. On the 29 

environmental front, CO2 emissions from commercial aviation in the EU increased 30 percent between 2013 and 2019 30 

to 151.8 million metric tons. Of this total, 81.6 million metric tons were attributable to international flights (Graver, 31 

Rutherford and Zheng, 2020). The aviation industry is a leader in using advanced technology and is vulnerable to 32 

environmental impacts. For this reason, the aviation industry is closely monitored by authorities and green 33 

organizations. 34 

 35 

  36 
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At the policy level, aviation authorities and related bodies worldwide are launching actions and guidance documents 1 

to promote sustainable airport development. The Federal Aviation Administration (FAA, 2022) has launched the 2 

Sustainability Master Plan and Airport Sustainability Plans, in which 44 airports in the US are involved in a way that 3 

will reduce environmental impacts, achieve economic benefits, and improve community relations. In Australia, 4 

Sydney Kingsford Smith Airport (SYD, 2020), Adelaide Airport (2019), and Melbourne Airport (2019) are  5 

developing their sustainability strategies, recognizing that the success of the airport itself can be boosted by trading in 6 

an environmentally, socially and economically responsible manner. The Copenhagen Airport is taking a forerunner 7 

role in terms of airport sustainability development (AECOM, 2020, p.7). Concerning the environment, Copenhagen 8 

Airport’s Climate Strategy has set a goal of eliminating all carbon emissions from the airport, including surface access 9 

by 2050 (Copenhagen Airports, 2019). The ACI EUROPE (2022) launched a Sustainability Strategy for Airports in 10 

2019, acting as a systematic approach to airport sustainability and practical guidance on achieving it. In line with its 11 

Sustainable and Smart Mobility Strategy, the European Commission (2020) reiterates the urgency of the transition to 12 

zero-emission airports, stating that “the best practices followed by the most sustainable airports must become the new 13 

normal and enable more sustainable forms of connectivity”. 14 

Therefore, sustainability evaluations have the ambitious mandate of identifying, measuring, and evaluating the 15 

potential impacts of alternatives for sustainability (Devuyst, 2000, pp.67-78). However, sustainability evaluation is 16 

still not a mature framework like Environmental Impact Assessment (EIA). The methods commonly used for 17 

sustainability evaluation fall into three main categories: monetary tools, biophysical models, and sustainability 18 

indicators/composite indexes (Gasparatos, El-Haram, and Horner, 2008). This study chooses the composite indicator 19 

approach as the principal methodology for its enhanced accuracy in assessing different sustainability issues, as they 20 

do not need to be transformed into other metrics, such as monetary. Further, it allows for a comprehensive assessment 21 

that simultaneously covers all aspects required for the sustainability of an airport.  22 

The overall objective of this paper is to develop a holistic and transferable approach to evaluate airport sustainability 23 

across multi-dimensional indicators. Amsterdam Airport Schiphol (hereafter referred to as Schiphol) will be taken as 24 

a demonstration to validate this approach. In the pre-modeling phase, sustainability indicators will be screened from 25 

the literature and then collected separately from economic, environmental, social, and operational dimensions via the 26 

Schiphol Group’s annual reports and other disclosed information. The different combinations of normalization, 27 

weighting, and aggregation methods will be used to construct the Airport Sustainability Evaluation Index (ASEI). In 28 

the end, by applying sensitivity and reliability analysis, how changes in the final composite indicator scores are linked 29 

qualitatively or quantitatively to various combination schemes will be identified. Theoretically, the ASEI proposed in 30 

this research can enrich the evaluation content and methods on airport sustainability and promote extended research. 31 

Practically, the index can facilitate airport managers to intuitively recognize the sustainability performance of the 32 

airport over a period of time and provide theoretical evidence for subsequent policy decisions. The paper is organized 33 

as follows: Section 2 presents a comprehensive definition of airport sustainability and outlines an overview on existing 34 

airport sustainability assessment studies. Section 3 depicts the methodology for constructing the ASEI and performing 35 

the sensitivity and reliability analyses. Section 4 elaborates on the analytical findings from Schiphol and further 36 

highlights the approach’s transferability and policy implications. The final conclusions are drawn in Section 5. 37 

2. Literature review 38 

2.1. Sustainability, sustainable development and airport sustainability 39 

It is crucial to distinguish between the concepts of sustainable development and sustainability. As stated by Lubk 40 

(2017, p. 14), the former addresses a process, whereas the latter describes a state or condition at the end of the process. 41 

Consequently, to achieve sustainability, it is essential to ensure development to be sustainable, making sustainability 42 

a long-term vision and sustainable development a means of achieving it. 43 

The notion of sustainable development was shaped in 1987 from the World Commission on Environment and 44 

Development (WCED), which states that “sustainable development is the development that meets the needs of the 45 

present without compromising the ability of future generations to meet their own needs” (Brundtland and Khalid, 46 

1987, p.37). Over the following decade, the WCED definition was widely accepted and paraphrased for use in 47 

alternative domains. In the transport sector, for example, Black (1996) defined sustainable transport as “satisfying 48 

current transport and mobility needs without compromising the ability of future generations to meet these needs”. In 49 

2000, the Millennium Development Goals (MDGs), proposed at the Millennium Summit, brought further clarity to 50 

the connotations of sustainable development. The MDGs present a historic and effective approach to global 51 

mobilization for sustainable development, by transforming it into an easily understandable set of eight goals for the 52 

year 2015 and emphasizing three areas: human capital, infrastructure, and human rights, with the aim of improving 53 
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living standards (Sachs, 2012; United Nations, 2015a). The second major theoretical evolution on sustainable 1 

development occurred in 2015 with the launch of the 2030 Agenda (United Nations, 2015b). Within the Agenda, 17 2 

Sustainable Development Goals (SDGs) are introduced, which place inequality at the heart of the Agenda through 3 

strong inclusivity for the poorest and most vulnerable, together with the guiding principle that global development 4 

should “leave no-one behind”. The 169 targets and 230 indicators that come packaged with the SDGs also provide 5 

the basis for quantifying sustainability in terms of monitoring, evaluation, and impact accountability. 6 

Very often, sustainability is represented as integrating three pillars – economic development, environmental protection, 7 

and social progress (Banister et al, 2000, p.119; Upham, 2001a). The three pillars are interdependent and thus equally 8 

important (Lubk, 2017, p.32). In Europe, the European Commission (2002) recognizes the multi-dimensionality in the 9 

definition of sustainability, claiming that the social, environmental, and economic dimensions must be dealt with 10 

together. However, the prominence in research and practice is unbalanced, with a stronger focus on environmental 11 

sustainability than economic and social sustainability (Walker and Cook, 2009).  12 

Sustainability has become a prominent topic in the air transport field as the sector is developing at an accelerated pace. 13 

As of now, the definition of airport sustainability is contested, and no unified definition has been developed (Graham 14 

and Halpern, 2018, p. 299; Wan et al, 2020; Janic, 2007, p.3; Upham, 2001a; Knudsen, 2002, p.11). However, some 15 

organizations have their own definitions and interpretations for different purposes.  16 

The FAA (2022) defined airport sustainability as “reducing environmental impacts, helping maintain high, stable 17 

levels of economic growth, and assisting social progress. Also, it is a broad set of actions that ensure organizational 18 

goals are achieved in a way consistent with the needs and values of the local community.” The Airports Council 19 

International-North America (ACI-NA, 2010) stated airport sustainability as a holistic airport management approach 20 

to ensure the integrity of economic viability, operational efficiency, natural resource conservation, and social 21 

responsibility (EONS). Alongside the classical Triple Bottom Line model (Elkington, 1999), which encompasses 22 

economic, social and environmental aspects, the operational aspect of airport sustainability is also being progressively 23 

recognized (Gu, 2019). Many US airports have adopted EONS as their sustainability model or applied some 24 

adaptations based on it (Martin-Nagle and Klauber, 2015). Such adaptations can be explained by the unique 25 

characteristics and priorities of individual airports. Factors such as an airport’s location, size, traffic volume, 26 

ownership structure, and regional regulations can influence how sustainability is defined and implemented. Also, an 27 

airport’s stakeholders, including airlines, passengers, local communities, and government entities, may have varying 28 

expectations and preferences regarding sustainability (Amaeshi and Crane, 2006). 29 

Up till now, although the definitions of airport sustainability proposed by various institutions have nuances and in 30 

specific contexts rather different interpretations of the priority and scope, it is worth noting that all endeavors in this 31 

field are pointing toward the same direction. A pragmatic approach to sustainable development can strike a careful 32 

balance between the aspects discussed above while maintaining a focus on the mission of the airport (Flouris and 33 

Yılmaz, 2011, p.185). Additionally, a sound and successful concept of airport sustainability must include minimum 34 

requirements and demonstrate possible ways to achieve and maintain them, giving policymakers and all participating 35 

bodies the freedom to set their priorities in order to achieve sustainability. 36 

In conclusion, this paper defines airport sustainability in two facets: on the one hand, we recognize the uniformity of 37 

airport sustainability as a holistic vision embracing the promotion of social responsibility, operational efficiency, 38 

economic feasibility, and environmental friendliness; on the other hand, we endorse the specificity of airport 39 

sustainability derives from the external impacts and internal dynamics faced by airports. Fig. 1 gives a further 40 

explanation of the definition. This definition provides a broad canvas for the sustainability of the airport, and it also 41 

leaves space for the relevant stakeholders to tailor their priorities based on the characteristics of the airport. 42 
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Fig. 1. Airport sustainability (source: own development) 2 

2.2. Review of airport sustainability evaluation studies 3 

Some of the previous studies on airport sustainability have focused on one particular aspect to tackle the airport’s 4 

practical problems, such as airport energy management (Baxter, Srisaeng and Wild, 2018; Uysal and Sogut, 2017), 5 

aviation biofuel (Baxter, Srisaeng and Wild, 2020), airport waste management (Santos et al, 2020), and airport water 6 

management (Somerville et al, 2015; Baxter, Srisaeng and Wild, 2019). While these studies are tailored from a 7 

practical point of view and relatively easy to carry out, it lacks a holistic perspective. 8 

In this paper, we will mainly focus on the integral sustainability assessment of the airports, and an overview of such 9 

studies is summarized in Table 1. According to Table 1, Upham (2001b) was the first pioneer who commenced the 10 

use of indicators to quantify airport sustainability. In his publication entitled “Selecting indicators for a decision 11 

support tool for airport sustainability”, he proposes an airport sustainability model comprising nine indicators 12 

(number of surface access vehicles, aircraft movements, static power consumption, gaseous pollutant emissions, 13 

aircraft noise emissions, terminal passengers, surface access passengers, water consumption and solid waste). In 2015, 14 

he adapted land take and biodiversity to the framework (Upham & Mills, 2005). Under Upham’s initial theory, airport 15 

sustainability incorporates two dimensions: environmental and operational. In 2010, Janic (2010) established the 16 

theoretical basis for quantifying airport sustainability via the identification of “effects-benefits” and “impact-17 

externalities” associated with airport activities. Meanwhile, he extended the dimensions of airport sustainability into 18 

four.  19 

However, up until 2010, there was no complete case study to validate the indicators and frameworks developed for 20 

airport sustainability. Adler et al. (2013) benchmarked the performance of 85 European regional airports through DEA. 21 

Despite being titled as sustainability performance benchmarking by the authors, the selected input and output 22 

indicators are by no means different from those formerly utilized in DEA for airport operational efficiency assessment. 23 

The airport sustainability evaluation has de facto only been supported by practical examples since 2016. From 2016 24 

to date, a total of 16 journal articles have proposed indicators and/or framework for airport sustainability evaluation, 25 

14 of which have used one or more airport cases to validate them.  26 

The primary approach to the selection and establishment of sustainability indicators to date remains through reviewing 28 

industrial standards and relevant research papers. Participatory approaches were used by Lu et al. (2018) and Orkomy 29 

and Sharbatdar (2021), who involved experts’ interviews and questionnaires during the identification and weighting 30 

of sustainability indicators. Additionally, Fuzzy Delphi method and SWARA have also been used to retrieve experts’ 31 

opinions (Chao et al., 2017; Kaya & Erginel, 2020). 32 

In terms of evaluation methodology, the existing approaches mainly fall into two categories. The first consists of 33 

traditional decision-making techniques, including CBA, MCDM, DEA and its extended forms. The second comprises 34 

sustainability rating systems, during which the sustainability index will be developed. In spite of the fact that those  35 

Airport Sustainability

External Impacts

• National or regional policy support;

• Aviation industry development state;

• The price of energy

• ...

• Runway capacity;

• Environs;

• Stakeholders;

• …

Internal Dynamics

Social Responsibility Operational Efficiency

Economic Feasibility Environmental Friendliness

• Ensuring steady revenue streams and financial

resources;

• Achieve positive return on capital expenditure

within a reasonable timeframe;

• Promote innovation and strategic opportunities

for further growth.

• Securing and improving operational demand

within capacity;

• Providing adequate, efficient and accessible air

connectivity;

• Guaranteeing a stable operational environment.

Using technology, projects or dedicated procedures

to preserve the environment within and surrounding

the airport, such as the application of waste

management system, improving energy efficient, and

adopting clean vehicles.

• Employment generation, employee development

and ensuring a safe working environment;

• Assuring service quality, passenger loyalty and

satisfaction;

• Enhancing noise monitoring and mitigation to

create a favorable living environment for nearby

residents.
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Table 1. An overview of airport sustainability evaluation studies. 1 

Citation 

Number 

of 

indicators 

Dimensions of 

indicators * 

Participatory method 

is used in indicators 

selection 

Indicators are validated by case studies  

(Evaluation method)  

(Airport samples) EC OP EN SO 

Upham (2001b) 9  √ √  No No 

Upham and 

Mills (2005) 
10  √ √  No No 

Janic (2010) 12 √ √ √ √ No No 

Adler et al. 

(2013) 
7 √ √   No 

Yes 

     (Data Envelopment Analysis (DEA)) 

     (85 European regional airports) 

Ferrulli (2016) 22   √  No No 

Kılkış and 
Kılkış (2016) 25  √ √  No 

Yes 

     (Composite indicator approach) 

     (9 world busiest and best airports) 

Li and Loo 

(2016) 
29 √  √ √ No 

Yes 

     (Cost-Benefit Analysis (CBA)) 

     (Hong Kong International Airport, HK SAR) 

Olfat et al. 

(2016) 
9 √ √ √ √ No 

Yes 

     (Fuzzy dynamic network-DEA model) 

     (28 Iranian airports) 

Chao et al. 

(2017) 
16   √ √ 

Yes  

(Fuzzy Delphi 

method) 

Yes 

     (Simple additive weighting (SAW)) 

     (5 international airports) 

Carlucci et al. 

(2018) 
9 √ √   No 

Yes 

     (DEA) 

     (34 Italian airports) 

Lu et al. (2018) 15 √  √ √ 

Yes  

(Experts’ interviews, 

and brain storming) 

Yes 

     (Multiple-criteria decision-making (MCDM)) 

     (3 Taiwanese airports) 

Kaya and 

Erginel (2020) 
15   √ √ 

Yes  
(Stepwise Weight Assessment 

Ratio Analysis (SWARA)) 

Yes 

     (SWARA) 

     (Ankara Esenboga Airport, Turkey) 

Kumar et al. 

(2020) 
43  √ √ √ No 

Yes 

     (Best worst method (BWM) and VIKOR method) 

     (5 Indian airports) 

Wan et al. 

(2020) 
55 √ √ √ √ No 

Yes 

     (Synthetic evaluation model) 

    (Guangzhou Baiyun International Airport, China) 

Wang and Song 

(2020) 
7 √ √   No 

Yes 

     (Network DEA) 

     (8 Chinese airports and 4 Asian airports) 

Kucukvar et al. 

(2021) 
10 √ √ √ √ No 

Yes 

     (DEA) 

     (30 major international airports) 

Orkomy and 

Sharbatdar 

(2021) 

45 √  √ √ 

Yes  

(Experts’ 
questionnaire) 

Yes 

     (SAW) 

     (Zahedan International Airport, Iran) 

Yangmin et al. 

(2021) 
18 √ √ √ √ No 

Yes 

     (Synergy measure model) 

     (Zhengzhou International Airport, China) 

Dimitriou and 

Karagkouni 

(2022) 

25   √  No 

Yes 

     (Multi-objective method) 

    (20 airports from Europe, United States and Asia) 

Ramakrishnan 

et al. (2022) 
31   √ √ No No 

* : EC: Economic dimension; OP: Operational dimension; EN: Environmental dimension; SO: Social dimension. 2 
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decision-making techniques were not initially designed for sustainability evaluation, they have shown practical 1 

applications in airports and other transport segments. However, there are still deficiencies in the effectiveness of the 2 

decision-making techniques, as they leave the issue of airport sustainability incomplete, either by failing to encompass 3 

the various stages along the life cycle or by excluding specific sustainability dimensions. Among all the traditional 4 

decision-making techniques, DEA has been the most used one. However, a significant limitation in the application of 5 

DEA arises when dealing with a large number of input and output indicators. The “curse of dimensionality”—a term 6 

coined to describe the decrease in discriminatory power as the number of inputs and outputs increases relative to the 7 

Decision-Making Units (DMUs)—suggests that a higher proportion of DMUs may be mistakenly identified as 8 

efficient (Charles et al., 2019; Cook et al., 2014). Furthermore, Wong (2021) pointed out that an increased number of 9 

inputs and outputs can restrict the weights assigned to these variables, leading to less discernible analysis results. 10 

Collectively, these factors suggest that the effective incorporation and balancing of all sustainability dimensions pose 11 

a challenge to DEA, especially when the index is high (Mo et al., 2018). 12 

To overcome the effectiveness deficit, some authors have adopted the sustainability rating approach to conduct both 13 

ex-ante and ex-post sustainability evaluations across various dimensions. The composite indicator was first introduced 14 

by Kılkış and Kılkış (2016) to evaluate the environmental and operational sustainability of airports. Although only 15 

two dimensions were talked in this study, it demonstrated the feasibility and applicability of the composite indicator 16 

for evaluating airport sustainability. Building on this, Wan et al. (2020) and Yangmin et al. (2021) extended the 17 

composite indicator approach to cover the four dimensions of airport sustainability. Nevertheless, within these 18 

research efforts, the issue of subjectivity is invariably overlooked when selecting methods in the composite indicator 19 

building process. 20 

As a trailblazing attempt to explore the subjectivity issue of composite indicators applied to the airport sustainability 21 

field, this paper will use two alternative methods in normalization, weighting, and aggregation processes, respectively. 22 

The combination of eight composite indicator building schemes will then be tested by the sensitivity and reliability 23 

analyses to examine the effects of normalization, weighting and aggregation on the final evaluation results and to 24 

investigate the scheme with the most significant contribution to the result reliability. 25 

 26 

2.3. Application of composite indicator for sustainability evaluation 27 

 28 

Indicators and composite indicators are gaining increasing recognition as useful tools for policy-making and public 29 

communication, conveying information on the sustainability performance of countries, industries or corporates in 30 

areas ranging from environmental, economic, social or operational development (Singh et al., 2009). According to the 31 

European Commission’s first state-of-the-art report (Saisana and Tarantola, 2002, p.5), “Composite indicators are 32 

based on sub-indicators that have no common meaningful unit of measurement, and there is no obvious way of 33 

weighting these sub-indicators”. Gasparatos et al. (2008) defined the composite indicator as an aggregation of different 34 

indicators according to a well-developed and pre-determined methodology. Composite indicators can be classified 35 

into two types depending on the priorities considered during their building process: Data-driven (or bottom-up) and 36 

Theory-driven (or top-down) (Niemeijer, 2002). Data-driven approaches are favored when data availability is a core 37 

issue during the indicator construction; Theory-driven approaches are taken when selecting the optimal possible 38 

indicators to fit in a composite indicator from a theoretical perspective, whilst data availability is only one of the many 39 

aspects affected. 40 

The composite indicator approach has been progressively implemented since 2000 for sustainability evaluation in 41 

sectors including agriculture (Zinck et al., 2004; Gómez-Limón et al., 2010), steel (Singh et al., 2007), urban planning 42 

(Ciegis et al., 2011; Yigitcanlar et al., 2015), transport and tourism (Perez et al., 2013; Blancas et al., 2016). In 43 

academia, based on the terminal use of the composite indicators, current studies can be divided into two main 44 

categories: sustainable decision-making facilitating and sustainable performance benchmarking.  45 

For the first category of studies on decision-facilitating, they will construct a criterion system via the composite 46 

indicators and select the optimal alternative based on the computational results. In simple terms, they digitize the 47 

decision-making process so that it is easier to determine what to choose and why to choose. Due to the direct 48 

correspondence between the decision rationale and the indicators selected, the outcome of such studies enables 49 

information communication and policy-making support to work simultaneously. For example, Dobos and Vörösmarty 50 

(2014) have developed a composite indicator system used for green suppliers’ selection. These indicators were 51 

selected based on two criteria: managerial and environmental. The findings in the study were used to foster supplier 52 

management and purchasing decisions. Similarly, Sun et al. (2020) used the Analytic Hierarchy Process (AHP) to 53 

construct composite indicators for choosing the most sustainable wastewater management options. 54 

For another type of study addressing benchmarking, the aim of its indicators is to capture a holistic view of the 55 

sustainability performance. The selection of indicators therefore relies heavily on the examination of existing outputs 56 
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from industry or academia to make the indicator system as comprehensive as possible. Participatory methods which 1 

incorporate decision-making processes are rarely used by this type. We also found that although composite indicators 2 

have advantages of tackling the multi-dimensional nature of sustainability and making this complex issue more readily 3 

communicated to the public, majority of the authors failed to suggest further policy changes based on the performance 4 

assessment results. This phenomenon can be explained by the “use” and “influence” of composite indicators. 5 

According to Sébastien and Bauler (2013), “‘use’ traces back the original intentions pursued by actors handling the 6 

indicator, ‘influence’ enables one to identify the ways in which indicators interact with policymaking”. The 7 

application of composite indicators does not automatically lead to an impact on policy (Henry and Mark, 2003), 8 

whereas influence emerges through dialogue and argumentation (Valovirta, 2002). This suggests that in practical 9 

sustainability performance studies, supplementary analysis should be conducted on the composite indicator results to 10 

support policy decisions. Such complementary analysis is well demonstrated by Dizdaroglu and Yigitcanlar (2016), 11 

who developed an Urban Ecosystem Sustainability Index and applied it to the Gold Coast city (Australia). The index 12 

consists of six main sustainability goals and 14 associated sub-indicators. After obtaining scores for the six goals, 13 

Dizdaroglu and Yigitcanlar (2016) looked into the relevant policies in the Gold Coast City targeting each goal, and 14 

further clarified what policies work, what should be followed or vice versa. Another complementary analysis was 15 

carried out by purely mathematical models to investigate the determinants of sustainability performance among 81 16 

first-grade olive oil mills in Andalusia (Spain) (Vicario-Modroño et al., 2022). Through the application of truncated 17 

regression analysis and bootstrapping techniques on the composite indicator results, Vicario-Modroño et al. (2022) 18 

identified factors, including quality commitment and manager training, as key drivers to the sustainability of olive oil 19 

mills. These results provide a direct reference for company managers to design and adapt their sustainability policies. 20 

In airport sector, upon establishing an airport environmental sustainability ranking index, Kılkış & Kılkış (2016) 21 

suggested policy recommendations to the airport operators for upgrading each environmental sustainability dimension. 22 

Depending on the controllability of the airport, these measures were classified as direct controllable by the airport, 23 

guidable and influenceable. 24 

This paper falls into the second category of research. To achieve public communication, complex sustainability issues 25 

are transferred to a series of simple, easily understood and highly aggregated indicators. This implies a process of 26 

moving from the micro to the macro level. However, in order to make indicators a direct assistance to decision-making, 27 

either participatory or mathematical models are needed to examine potential micro factors that can contribute to the 28 

macro picture of sustainability. As the focus of this paper is on the composite indicator building and its subjective 29 

exploration, and given the space constraints, we will not provide a complete and detailed account of policy aspect. 30 

However, we will enumerate the directions in which the ASEI constructed in this paper may derive managerial and 31 

policy insights within the airport sector and beyond. 32 

3. Index construction 33 

3.1. Overview of procedures 34 

A typical composite indicator construction involves three key phases: data normalization, data weighting and data 35 

aggregation (Gasparatos et al., 2008; Nardo et al, 2005; Saisana and Tarantola, 2002). This paper will also follow such 36 

construction principle. However, there is subjectivity embedded in the choice of methods during each phase, and the 37 

subjective choices can manipulate the results. To investigate the impact of the normalization, weighting and 38 

aggregation on the final composite indicator results, this paper will use two different methods to construct the ASEI 39 

in each of the three phases. 40 

An illustration of the ASEI construction procedure is outlined in Fig. 2: the building process starts with indicator 41 

selection and data extraction for the four sustainability dimensions, which is explained in Section 3.1; next, the raw 42 

data will be normalized through Re-scaling and Distance to a reference, as described in Section 3.2; Section 3.3 43 

addresses how weights are assigned through Equal weightings (EWs) and Benefit-of-the-doubt (BoD); Section 3.4 44 

will specify the aggregation process through Linear Aggregation (LIN) and Non-compensatory multi-criteria approach 45 

(NCMC). This process will lead to 8 combination schemes to build the composite indicator with 8 sets of distinct 46 

output results. Finally, the sensitivity and reliability analyses will be conducted in Section 3.5 to test and determine 47 

how changes in outputs are related qualitatively and quantitatively to the different combinations of subjective decisions 48 

made. 49 

To support an intuitive illustration and display of the ASEI construction, Schiphol is selected as a demonstrator of the 50 

full process. 51 

 52 
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 2 

Fig. 2. ASEI building section (source: own development)  3 

3.2. Indicators selection and data extraction 4 

This paper follows a theory-driven approach in developing the composite indicator system, with the theoretical basis 5 

relying on the definition and scope of airport sustainability described in Section 2.1. The ASEI therefore incorporates 6 

four dimensions: Social Responsibility (D1), Economic Feasibility (D2), Operational Efficiency (D3) and 7 

Environmental Friendliness (D4). 8 

To enable this indicator system be practical and transferable, the sub-indicators under each dimension ought to be 9 

accessible and easy-to-understand. In the selection and filtering process, we referred to existing literatures on 10 

indicators used for airport sustainability evaluation. Given the limited number of such studies, notably in the social 11 

dimension, both quantity and depth are significantly lower compared to the other three. We have supplemented this 12 

by drawing from sustainability evaluation studies outside of the airport domain. To this end, 28 sub-indicators across 13 

the four sustainability dimensions were obtained. The code, name, selection criteria, unit, impact characteristic, and 14 

reference source of these indicators are presented in Table 2.15 

ASEI

Social

Responsibility

Economic

Feasibility

Operational

Efficiency

Environmental

Friendliness

Indicator selection
Data extraction

Re-scaling Distance to a referenceData normalization

Data weighting

Data aggregation

Equal weightings Benefit-of-the-doubt

Linear Aggregation Non-compensatory multi-
criteria approach

Sensitivity and reliability analysis

Conclusion

§ 3.1

§ 3.2

§ 3.3

§ 3.4

§ 3.5
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Table 2. ASEI indicators set 

Dimension 

(Di) 

Selection 

criteria 

Indicator 

(Ii.j) 
Unit 

Impact on 

airport 

sustainability 

(P/N) a 

Literature review 

( * ) b 

Social 

Responsibility 

(D1) 

Employment generation, 
employee development and 
safe working environment 
 

I1.1  Number of full-time employees Dimensionless P 
Janic, 2010; Červinka, 2017; Kılkış and Kılkış, 2016; 

Kucukvar et al., 2021; Wan et al., 2020; Yangmin et al., 2021 

I1.2  Employee benefits Million Euro P 
Azapagic, 2004 *; Lee et al., 2021 *; Sreenath et al., 2021; 

Wang et al., 2018 * 

I1.3  Lost Time Injury Frequency (LTIF) (excluding fire brigade) c Dimensionless N Kucukvar et al., 2021 

Service quality, passenger 
loyalty and satisfaction  

I1.4  Skytrax world’s airport ranking d Dimensionless N Wang and Song, 2020 

I1.5 Passengers’ net promoter score (NPS) e Dimensionless P Olfat et al., 2016; Sreenath et al., 2021; Wan et al., 2020 

I1.6  Annual number of complaints Dimensionless N 
Krajnc and Glavič, 2005 *; Veleva and Ellenbecker, 2001 *; 

Wan et al, 2020 

Noise monitoring and 
mitigation I1.7  Number of people who experience severe noise disturbance Dimensionless N Yangmin et al., 2021 

Economic 

Feasibility 

(D2) 

Revenue streams 
I2.1  Annual aviation revenue Million Euro P 

Červinka, 2017; Kılkış and Kılkış, 2016; Kucukvar et al., 

2021; Wan et al., 2020; Wang and Song, 2020 

I2.2  Annual non-aviation revenue Million Euro P 
Adler et al., 2013; Lu et al., 2018; Olfat et al., 2016; Wan et 

al, 2020; Wang and Song, 2020 

Financial resources I2.3  Annual operating expenses Million Euro N Adler et al., 2013; Červinka, 2017; Wan et al, 2020 

I2.4  Total assets Million Euro P López et al., 2007 *; Wan et al, 2020 

I2.5  Annual investment Million Euro P Yangmin et al., 2021 

Profitability I2.6  Annual return on equity (ROE) Dimensionless P López et al., 2007 *; Spicka et al., 2019 *; Wan et al, 2020 

I2.7  Earnings before interest, taxes, depreciation and amortization     

      (EBITDA) 
Dimensionless P Červinka, 2017; Mukhambetov et al., 2020 * 

Operational 

Efficiency 

(D3) 

Demand 

I3.1  Annual cargo load handled 
Million 

Tonnes 
P 

Adler et al., 2013; Červinka, 2017; Janic, 2010; Kılkış and 

Kılkış, 2016; Wan et al, 2020; Wang and Song, 2020; 

Yangmin et al., 2021 

I3.2  Annual passenger traffic (PAX) Dimensionless P 

Adler et al., 2013; Červinka, 2017; Janic, 2010; Kılkış and 

Kılkış, 2016; Kucukvar et al., 2021; Wan et al., 2020; Wang 

and Song, 2020; Yangmin et al., 2021 

I3.3  Annual air transport movements Dimensionless P 
Adler et al., 2013; Janic, 2010; Upham and Mills, 2005; 

Wang and Song, 2020; Yangmin et al., 2021 

Connectivity I3.4  Number of direct destinations Dimensionless P Dimitriou and Sartzetaki, 2020; Sartzetaki, M., 2019 

I3.5  Percentage of transfer passengers Dimensionless P Dimitriou and Sartzetaki, 2020; Sartzetaki, M., 2019 

Operational stability I3.6  Airline on-time performance Dimensionless P Li and Loo, 2016; Wan et al., 2020 

I3.7  Baggage handling incidence rate (IR)  Dimensionless P Sreenath et al., 2021 
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Table 2. (Continue) 

Environmental 

Friendliness 

(D4) 

Emissions 

I4.1  Total Scope 1 and 2 CO2 emissions Tonnes N 

Kılkış and Kılkış, 2016; Kucukvar et al., 2021; Li and Loo, 

2016; Ramakrishnan et al., 2022; Sreenath et al., 2021; 

Upham and Mills, 2005; Wan et al., 2020 

I4.2  Total Scope 3 CO2 emissions Tonnes N 
Kucukvar et al., 2021; Li and Loo, 2016; Ramakrishnan et al., 

2022; Upham and Mills, 2005; Wan et al., 2020 

I4.3  Average annual mean PM2.5 concentration microgram/m3 N Kılkış and Kılkış, 2016; Li and Loo, 2016; Wan et al., 2020 

I4.4  Average annual mean NOx concentration microgram/m3 N 
Ramakrishnan et al., 2022; Li and Loo, 2016; Sreenath et al., 

2021; Upham and Mills, 2005; Wan et al., 2020 

Waste management I4.5  Waste separation percentage f Dimensionless P Janic, 2010; Ramakrishnan et al., 2022; Sreenath et al., 2021 

Energy sourcing I4.6  Energy efficiency level  Dimensionless P Ramakrishnan et al., 2022; Sreenath et al., 2021 

I4.7  Number of electric and biogas-powered vehicles  

       (buses, vans and taxis) in use 
Dimensionless P Ramakrishnan et al., 2022; Sreenath et al., 2021 

a P: Positive; N: Negative. 
b References marked with an “ * ” indicate that this sustainability evaluation study is outside the airport domain. 
c The LTIF rate at Schiphol represents the number of work-related accidents resulting in absenteeism per million hours worked. 

d The Skytrax world’s airport ranking is developed through a survey assessing passengers’ experience of different airport services, including check-in, arrival, transfer, shopping, security, and immigration. 
  through to departure from the gate.  
e The NPS is a passenger loyalty indicator that measures how likely passengers are to recommend Schiphol airport to friends, family and colleagues (on a scale of 0 to 10). 
f The sources of waste here include terminals, offices and aircrafts.  
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The statistical data for indicators I4.3 (Average annual mean PM2.5 concentration) and I4.4  (Average annual mean 1 

NOx concentration) were collected from the website of the Dutch National Institute for Public Health and the 2 

Environment (RIVM, 2022). The values used in the analysis are the mean values of three monitoring stations 3 

(Badhoevedorp-Sloterweg, Hoofddorp-Hoofdweg and Oude Meer-Aalsmeerderdijk) around Schiphol. The location 4 

of the three monitoring stations is depicted in Fig. 3. The data for the remaining indicators were collected from the 5 

Royal Schiphol Group’s annual reports (Royal Schiphol Group, 2022) for the years 2012 to 2021. 6 

 7 

Fig. 3. Air quality monitoring stations around Schiphol 8 

(source: own development based on the geographical information from RIVM (2022)) 9 

3.3. Data normalization  10 

After the ASEI has been constructed, the indicators are usually not commensurate with each other or have different 11 

units of measurement. A normalization process is needed to bring these indicators up to the same standard by 12 

converting them into pure, dimensionless numbers so that they can be compared and aggregated in the later phases. 13 

Common normalization methods include Re-scaling, Distance to a reference and Z-scores (Nardo et al., 2005; OECD, 14 

2008; Saisana and Tarantola, 2002). If successive years of indicator data are available, it is also feasible to employ the 15 

Percentage of annual differences over consecutive years which refers to a process used to normalize time-series data 16 

by expressing the difference between consecutive data points as a percentage of the value in the previous year. The 17 

choice of normalization method depends predominantly on the characteristics of the data sample itself. If an ill-fitting 18 

normalization method is chosen, it can cause the data being over-normalized. This will consequently lead to a loss of 19 

information and affect the results. 20 

The data sample in this paper does not respect the normal distribution. If using the Z-scores method, the data will be 21 

transformed into a normality pattern, in which case the original distributional characteristics of the data would be 22 

disrupted. In addition, the existence of zero values in the sample also precludes the Percentage of annual differences 23 

over consecutive years. Therefore, we apply the Re-scaling and Distance to a reference methods for normalization. 24 

3.3.1. Re-scaling (Min-Max) 25 

This method is driven based on the dataset’s range of values for each indicator. The indicators with a positive impact 26 

on the airport sustainability, 𝐼𝑖,𝑗,𝑡+ , are converted into a normalized form by equation (1): 27 𝐼𝑁𝑖,𝑗,𝑡+ = 𝐼𝑖,𝑗,𝑡+ −𝐼𝑖,𝑗+,𝑀𝑖𝑛𝐼𝑖,𝑗+,𝑀𝑎𝑥−𝐼𝑖,𝑗+,𝑀𝑖𝑛                                                                                                                                      (1) 28 

While the indicators with a negative impact on the airport sustainability, 𝐼𝑖,𝑗,𝑡− , are normalized according to equation 29 

(2): 30 𝐼𝑁𝑖,𝑗,𝑡− = 𝐼𝑖,𝑗−,𝑀𝑎𝑥−𝐼𝑖,𝑗,𝑡−𝐼𝑖,𝑗−,𝑀𝑎𝑥−𝐼𝑖,𝑗−,𝑀𝑖𝑛                                                                                                                                      (2) 31 

Where 𝐼𝑖,𝑗,𝑡+  and 𝐼𝑖,𝑗,𝑡−  are values for indicator Ii,j in year t with positive and negative impact on airport sustainability, 32 

respectively; 𝐼𝑁𝑖,𝑗,𝑡+  and 𝐼𝑁𝑖,𝑗,𝑡−  are their normalized forms, respectively. 𝐼𝑖,𝑗+,𝑀𝑎𝑥  represents the highest value of the 33 

positive indicator Ii,j over the entire period analyzed, while for the negative indicator, it is denoted as 𝐼𝑖,𝑗−,𝑀𝑎𝑥 . On the 34 

AMS

Hoofddorp-Hoofdweg

Badhoevedorp-Sloterweg

Oude Meer-Aalsmeerderdijk
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contrary, the lowest value for indicator Ii,j with positive and negative impact are denoted as 𝐼𝑖,𝑗+,𝑀𝑖𝑛  and 𝐼𝑖,𝑗−,𝑀𝑖𝑛 , 1 

separately. 2 

In this case, all normalized data will drop into the interval from 0 to 1. It is noticeable that the normalization method 3 

is time-dependent, which implies that the data will need to be recalculated when data for a new time-point becomes 4 

available, as the minimum or maximum values of some indicators may have changed.  5 

3.3.2. Distance to a reference 6 

When applying the distance to a reference normalization, the normalized value is calculated as the ratio between the 7 

indicator and a reference value. The reference can be a target to be achieved within a specific timescale, the best 8 

performer within the dataset ( in this case, the method can also be named as “distance to the best performer”), or a 9 

universal reference baseline.  10 

In this paper, we choose the reference as the best performer within the whole analyzed period and normalize each 11 

indicator according to equations (3) and (4): 12 𝐼𝑁𝑖,𝑗,𝑡+ = 𝐼𝑖,𝑗,𝑡+𝐼𝑖,𝑗𝐵𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘                                                                                                                                          (3) 13 𝐼𝑁𝑖,𝑗,𝑡− = 𝐼𝑖,𝑗𝐵𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘𝐼𝑖,𝑗,𝑡−                                                                                                                                           (4) 14 

where 𝐼𝑖,𝑗𝐵𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘  is the best performer for indicator j from the ith dimension, and its value is set to 1. The normalized 15 

values from this method reflect the percentage away from the leader. 16 

3.4. Data weighting 17 

Central to constructing a composite index is to combine different dimensions measured at different scales in a 18 

meaningful manner. This means deciding which weighting model to use, and which procedure to follow in order to 19 

aggregate the information. 20 

The weights of indicators can be obtained either based on statistical models such as Principal Component Analysis 21 

(PCA), DEA, and BoD; or according to participatory methods such as Analytic Hierarchy Process (AHP), Budget 22 

Allocation Process (BAP), and Conjoint Analysis (CA). 23 

The weighting methods employed in this paper are statistical based: EWs and BoD.  24 

3.4.1. Equal weightings 25 

EWs entails a recognition of equal status for all indicators. It can also be used as an alternative measure when there is 26 

no or limited information on the relative importance of indicators (Nardo et al, 2005, p.55). To date, the majority of 27 

composite indicator systems are weighted by EWs. As one of the most widely used and well-known composite 28 

indicator systems, the Human Development Index (HDI), developed by the United Nations Development Programme 29 

(UNDP, 2014), uses the EWs to give equal weight to three dimensions of human development: a long and healthy life, 30 

access to knowledge and a decent standard of living. In any case, EWs does not indicate that no weights are assigned 31 

but impliedly that the weights are equal. Accordingly, we consider the four sustainability dimensions and the seven 32 

sub-indicators under each dimension to be of equal importance, with the weights of each dimension and sub-indicator 33 

being one-quarter and 1/7 respectively. 34 

Despite the simplicity and transparency, EWs may results in a loss of information, particularly in cases where some 35 

indicators are more important than others in reflecting the underlying concept that the composite indicator system is 36 

designed to measure. 37 

3.4.2. Benefit-of-the-doubt 38 

The BoD approach is an adaptation of DEA and was initially developed to assess macroeconomic performance (Melyn 39 

and Moesen, 1991). It was introduced into index theory since 2000 (Cherchye and Kuosmanen, 2002; Cherchye, 40 

Moesen and Puyenbroeck, 2004). 41 

The BoD stems from a fundamental conceptual starting point of DEA that the information on specific weighting 42 

schemes for national performance benchmarking can be extracted from the countries’ own data. The underlying idea 43 
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is that a country’s good relative performance on a given dimension indicates that the country perceives its 1 

corresponding policy dimension to be relatively important.  2 

The weighting scheme applied in this paper will follow a two-layer approach. 3 

First layer: Weighting of airport sustainability sub-indexes 4 

Under the definition of airport sustainability given in Section 2, the equal importance of the four dimensions will lead 5 

to the four airport sustainability sub-indexes 𝐼𝐴𝑆𝑖,𝑡 have an equivalent weight 𝑤𝑖 (social responsibility dimension: 𝑖 =6 1 ; economic feasibility dimension: 𝑖 = 2 ; operational efficiency dimension: 𝑖 = 3 ; environmental friendliness 7 

dimension: 𝑖 = 4) equal to 0.25. Therefore, the overall airport sustainability performance in year 𝑡 can be expressed 8 

by equation (5): 9 𝐶𝐼𝐴𝑆𝑡 = ∑ 𝐼𝐴𝑆𝑖,𝑡𝑖 ∙ 𝑤𝑖                                                                                                                                       (5) 10 

Second layer: Weighting of airport sustainability indicators under each sub-index 11 

Following the BoD approach, the airport sustainability sub-index 𝐼𝐴𝑆𝑖,𝑡  in year 𝑡 can be extracted through a linear 12 

programming as illustrated in equation (6): 13 𝐼𝐴𝑆𝑖,𝑡∗ = arg 𝑚𝑎𝑥𝑤𝑖,𝑗 (∑ 𝐼𝑁𝑖,𝑗,𝑡+𝑗  ∙ 𝑤𝑖,𝑗 + ∑ 𝐼𝑁𝑖,𝑗,𝑡−𝑗  ∙ 𝑤𝑖,𝑗)                                                                                        (6) 14 

s.t.   𝐼𝑖,𝑗𝐵𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘 ∙ 𝑤𝑖,𝑗 ≤ 1  15                  ∑ 𝑤𝑖,𝑗 = 1𝑖   16                  𝑤𝑖,𝑗 ≥ 0  17 

Where 𝑤𝑖,𝑗  denotes the weight of indicator 𝑗  from the 𝑖𝑡ℎ  dimension, reflecting the importance assigned to this 18 

indicator during the airport sustainability assessment. 19 

In the above case, the BoD model allows weights to be estimated freely in order to optimize the relative score of the 20 

evaluated airport, except for two restrictions on the weighting (the weight must be nonnegative, and it does not lead 21 

to a final score above the upper boundary of 1). This flexibility has the benefit of making it difficult for airports to 22 

argue that it is the weights putting them in a detrimental position. However, the full flexibility also has drawbacks. In 23 

particular, it may allow an airport to outperform in a way that is difficult to justify. For example, if some zero weights 24 

are assigned and no prior information is available to back up this possibility, then some achievement indicators will 25 

fail to contribute to an airport‘s composite metric (Cherchye et al, 2008). As a result, weight restrictions are introduced 26 

to prevent unrealistic evaluation results due to under- or over-weighting. In existing literature, there are not yet unified 27 

values for the weighting limits. In this paper, the lower and upper limits are set at 2% and 35% according to the values 28 

suggested by Verbunt and Rogge (2018): 29 𝐿𝑟 ≤ 𝑤𝑖,𝑗 ≤ 𝑈𝑟                                                                                                                                            (7) 30 

3.5. Data Aggregation 31 

As stated by the OECD (2008), when individual indicators are compiled into a single index, a composite indicator is 32 

established upon the underlying model of the measured multi-dimensional concept. The quality and robustness of a 33 

composite indicator system rely crucially on the baseline construction scheme, of which data aggregation is a key step 34 

(Zhou, Fan and Zhou, 2010). 35 

The sequence of steps used in this study is to firstly group the selected indicators, Ii,j ,into airport sustainability sub-36 

indexes, 𝐼𝐴𝑆𝑖,𝑡. The 𝐼𝐴𝑆𝑖,𝑡 of each dimension is then merged into ASEI, with the final evaluation score represented by 37 𝐶𝐼𝐴𝑆𝑡. In this paper, LIN and NCMC are applied to implement such aggregation processes. 38 

3.5.1. Linear Aggregation 39 

The LIN is by far the most broadly adopted aggregation method that sums up the normalized and weighted sub-indexes 40 

(Nardo et al., 2005, pp. 74-75): 41 𝐶𝐼𝐴𝑆𝑡 = ∑ 𝐼𝐴𝑆𝑖,𝑡 ∙ 𝑤𝑖𝑖                                                                                                                                         (8) 42 ∑ 𝑤𝑖𝑖 = 1    43 𝑤𝑖 ≥ 0  44 

However, an undesirable feature of LIN is its full compensatory, which implies that poor performance on some 45 

indicators can be compensated against by sufficiently high values from other indicators. 46 

The issue of compensation can be partly solved by Geometric Aggregation (GME), also known as the weighted 47 

geometric mean. In a GME process, the individual indicator scores are first multiplied together and then raised to a 48 
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power equal to the weight of each indicator. This aggregation method can partially solve the compensation problem 1 

by considering trade-offs between indicators, as a reduction in one indicator will result in a reduced overall composite 2 

score, regardless of other indicators’ values. The choice of GME is also advised when non-comparable and strictly 3 

positive indicators are expressed on a different scale of ratios (Nardo et al, 2005). However, this aggregation method 4 

is not applicable when a data sample contains zero or negative values, leaving it excluded from our analysis. In addition, 5 

a substantially lower value for one indicator can significantly reduce the final composite score, even if other indicators 6 

have higher values. This may lead to a more rigorous or conservative evaluation of the final composite score. 7 

3.5.2. Non-compensatory multi-criteria approach 8 

When using an additive or a multiplicative aggregation rule, especially in our sample where most indicators are 9 

expressed in terms of intensities (e.g. in million euros or tones) rather than qualities (e.g. good, bad, medium) or 10 

rankings, the substitution rates are equal to the weights of the variables up to a multiplicative coefficient. The weights 11 

in these aggregation schemes inevitably have the meaning of substitution rates and do not signify the absolute 12 

importance of the indicator concerned (OECD, 2008, p.112; Nardo et al, 2005, p.76). Although the data are normalized 13 

in the former step by transforming the intensities of indicators into a common scale. However, normalization alone 14 

does not eliminate the compensatory issue. The weights assigned to each normalized indicator still reflect the relative 15 

importance of the indicators in terms of substitution, i.e. the trade-offs between the indicators, rather than their absolute 16 

importance. 17 

To overcome the compensatory issue, we introduce the NCMC method proposed by the Joint Research Center (JRC) 18 

of the European Commission (Nardo et al., 2005). This approach aims to eliminate the compensatory issue by treating 19 

indicators as criteria that cannot be compensated for by other indicators. This method is based on the principle that “a 20 

good is a good” and does not consider trade-off between criteria. There are two main steps regarding the NCMC: (1) 21 

pairwise comparisons of the sustainability indicators’ values throughout the analysis period; and (2) ranking the 22 

concerned years according to the sustainability performance they achieved. These steps will run for two rounds to 23 

aggregate the 𝐼𝐴𝑆𝑖,𝑡  and 𝐶𝐼𝐴𝑆𝑡 respectively. 24 

For illustration purposes, the normalized data from re-scaling and the weights extracted from EWs are selected as the 25 

inputs for NCMC. A step-by-step procedure for aggregation over NCMC is described in Fig. 4 below:  26 

 27 

Fig. 4. Aggregation procedures through NCMC (source: own development) 28 

 29 

Step 1: First level of aggregation – aggregating airport sustainability indicators 30 

Based on the inputs, four impact matrixes are built corresponding to the four airport sustainability dimensions, 31 

respectively (see Table A1-A4 in Appendix A). Then, the pairwise comparisons are conducted within each impact 32 

matrix to construct an outranking impact matrix for 𝐼𝐴𝑆𝑖,𝑡 .  33 

During the pairwise comparison process, the score allocated for each year 𝑡 is the sum of the weights for indicators 34 

that have performed better in year 𝑡. Since all indicator data is normalized, a larger indicator value represents better 35 
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BoD
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performance for both positive and negative indicators. If both years have the same indicator value, the former year is 1 

considered the better performer. Taking the social responsibility dimension as an example, for the year 2012, by 2 

comparison with 2013, the score is equal to 2/7, because in 2012 Schiphol had higher values on indicators I1.1 and I1.7. 3 

Accordingly, the score of 2013 is equal to 5/7 compared to 2012. 4 

Further, the scores within each airport sustainability dimension will be ranked. If two or more years achieved the same 5 

score, the ranking from the earliest year would be higher as no improvements in sustainability development were 6 

achieved in the following years. However, this ranking rule does not necessarily entail that maintaining the same level 7 

of sustainability performance over the years corresponds to a step back in sustainable development. This interpretation 8 

depends on the specific objectives and expectations of the airport operator. If an airport operator has ambitious 9 

sustainability goals and wants to achieve them within a limited time frame, then not making progress on these goals 10 

can indeed be considered as a step back. In our case, Schiphol has set several sustainability targets, one of which is to 11 

be carbon neutral by 2030. Further, Schiphol has always been considered one of the best airports globally and holds a 12 

high reputation. Therefore, the ranking rule we have defined for the Schiphol case is less conservative. 13 

The results of the pairwise comparisons were then combined into ranking matrixes for the four airport sustainability 14 

dimensions, as described in Tables A5-A8 in Appendix A. 15 

Step 2: Second level of aggregation – aggregating airport sustainability sub-indexes 16 

After obtaining the ranks of the airport sustainability sub-index by aggregating individual indicators, the ranks over 17 

the whole analysis period can be summarized in a new impact matrix (see Table A9 in Appendix A) for the second 18 

level of aggregation. The outranking matrix on the overall airport sustainability composite index 𝐶𝐼𝐴𝑆𝑡 can be built 19 

through a similar pairwise comparison scheme, as described in Table A10. The rankings can be converted into the 20 

composite index by dividing the highest possible permutation (Nardo et al., 2005; OECD, 2008). The sample here 21 

contains data for ten years, thus the highest possible pairwise comparative permutation is equal to 9. 22 

Consequently, the Schiphol achieved the highest sustainability rank in 2017 in this example, with a CI of 0.72. 23 

3.6. Sensitivity and reliability analysis 31 

Sensitivity and reliability analysis is invariably overlooked in studies using the composite indicator to solve practical 32 

problems. However, the choice of normalization, weighting and aggregation methods all gives rise to uncertainty 33 

when building a composite indicator system. Two primary questions therefore emerged from the building process: (1) 34 

to what extent do the three steps of normalization, weighting and aggregation contribute to the final composite 35 

indicator results; and (2) to what extent do the results from the eight normalization-weighting-aggregation combination 36 

schemes differ, and how reliable are they as a group. 37 

To answer the above questions, this study adopts variance-based sensitivity analysis, average shift in rankings (ASR), 38 

and Cronbach’s alpha test to investigate the qualitative and quantitative associations between the results and the 39 

combination schemes. 40 

3.6.1. Variance-based sensitivity analysis 41 

Variance-based sensitivity analysis (or the Sobol method) is a form of global sensitivity analysis (Sobol, 2001).  For 42 

a model 𝑌 = 𝑓(𝑋1,𝑋2, … , 𝑋𝑝), where the model output 𝑌 is a scalar and the inputs 𝑋1,𝑋2, … , 𝑋𝑝 are considered to be 43 

independent random variables characterized by known probability distributions. The core idea of this method is to 44 

decompose the variance of a model output into fractions that can be attributed to each input factor.  45 

In order to quantify the importance of an input factor 𝑋𝑖 on the variance of 𝑌, the "true value" of 𝑋𝑖  is assumed to be 46 𝑋𝑖∗. The change in the variance of 𝑌 due to this assumption can be described as a conditional variance 𝑉𝑋−𝑖(𝑌|𝑋𝑖 = 𝑋𝑖∗). 47 

The variance is taken over the (𝑝 − 1)-dimensional parameter space 𝑋−𝑖, consisting of all factors but 𝑋𝑖 . Because the 48 

value of 𝑋𝑖∗  is unknown, the variance of the resulting function of 𝑋𝑖∗  are taken over all possible 𝑋𝑖∗  values: 49 𝐸𝑋𝑖 (𝑉𝑋−𝑖(𝑌|𝑋𝑖)). Then, by applying the law of total variance (Sobol, 1993), equation (9) can be established: 50 𝑉(𝑌) = 𝑉𝑋𝑖 (𝐸𝑋−𝑖 (𝑌|𝑋𝑖)) + 𝐸𝑋𝑖(𝑉𝑋−𝑖(𝑌|𝑋𝑖))                                                                                               (9) 51 

Through normalizing, the equation (9) can be further transformed into equation (10): 52 1 = 𝑉𝑋𝑖(𝐸𝑋−𝑖(𝑌|𝑋𝑖))𝑉(𝑌) + 𝐸𝑋𝑖(𝑉𝑋−𝑖(𝑌|𝑋𝑖 ))   𝑉(𝑌)                                                                                                          (10) 53 

Where the first term in (10) represents the first-order sensitivity index (or main effect index) for factor 𝑋𝑖 : 54 𝑆𝑖 = 𝑉𝑋𝑖(𝐸𝑋−𝑖(𝑌|𝑋𝑖 ))𝑉(𝑌)                                                                                                                                        (11) 55 



 16 

This sensitivity index indicates the contribution of a single input factor 𝑋𝑖  to the variance of the model output (Saisana, 1 

Saltelli and Tarantola, 2005). The value of 𝑆𝑖  must always not exceed 1 according to equation (10). 2 

By a similar approach, the conditional variances corresponding to more than one factor can also be calculated. Using 3 

the two input quantities 𝑋𝑖 and 𝑋𝑗 as an example, a second-order term variance contribution can therefore be written 4 

as: 5 𝑉𝑖𝑗 = 𝑉𝑋𝑖𝑋𝑗(𝐸𝑋−𝑖𝑗(𝑌|𝑋𝑖 , 𝑋𝑗)) − 𝑉𝑋𝑖 (𝐸𝑋−𝑖(𝑌|𝑋𝑖)) − 𝑉𝑋𝑗 (𝐸𝑋−𝑗(𝑌|𝑋𝑗))                                                       (12) 6 

The second-order sensitivity index, 𝑆𝑖𝑗 , representing the amount of variance for 𝑌 explained by the interaction 7 

of the two input factors 𝑋𝑖 and 𝑋𝑗 is outlined by equation (13): 8 𝑆𝑖𝑗 = 𝑉𝑖𝑗𝑉(𝑌) = 𝑉𝑋𝑖𝑋𝑗(𝐸𝑋−𝑖𝑗(𝑌|𝑋𝑖 , 𝑋𝑗))𝑉(𝑌) − 𝑆𝑖 − 𝑆𝑗                                                                                                        (13)  9 

Accordingly, for 𝑝  input factors, there will be 2𝑝 − 1  sensitivity indexes. However, this can lead to high 10 

computational costs for calculating all higher-order terms. Homma and Saltelli (1996) introduced a total-order 11 

sensitivity index, 𝑆𝑇𝑖  , into the Sobol method. 𝑆𝑇𝑖  accounts for the total contributions to output variation due to the 12 

input factor 𝑋𝑖 , including the first-order effect and other higher-order interactions.  The 𝑆𝑇𝑖  is given by Equation (14): 13 𝑆𝑇𝑖 = 𝐸𝑋−𝑖(𝑉𝑋𝑖(𝑌|𝑋−𝑖))𝑉(𝑌)                                                                                                                                           (14) 14 

The additivity of a model can be concluded simply from a comparison between 𝑆𝑖  and 𝑆𝑇𝑖 . For additive models, 𝑆𝑖 = 15 𝑆𝑇𝑖; whereas for non-additive models, 𝑆𝑖 < 𝑆𝑇𝑖 . In addition, the value of 𝑆𝑇𝑖 − 𝑆𝑖 denotes the level of involvement for 16 𝑋𝑖  in any interaction with other input factors. 17 

When building up a composite indicator system, uncertainty arises in each of the three steps regarding the choice of 18 

normalization, weighting and aggregation methods. A Monte Carlo approach is used to simulate this process, which 19 

involves performing multiple evaluations of the model with three selected model input factors corresponding to each 20 

of the three steps (Nardo et al, 2005, p.89; Saisana, Saltelli and Tarantola, 2005). 21 

The three uncertainty factors are grouped in Table 3 with their associated probability density functions (PDFs). 22 

Table 3: The three uncertainty factors in composite indicator building 23 

Input Factor PDF Range 𝑋1 
(selection of normalization method) 

Uniform 
[0,1] 
Where [0, 0.5] = Distance to a reference 
            (0.5, 1] = Re-scaling 𝑋2 

(selection of weighting method) 
Uniform 

[0,1] 
Where [0, 0.5] = Equal weighting 
            (0.5, 1] = Benefit of the doubt 𝑋3 

(selection of aggregation method) 
Uniform 

[0,1] 
Where [0, 0.5] = Linear aggregation 
            (0.5, 1] = Non-compensatory multi-criteria approach 

 24 𝑋1, 𝑋2 and 𝑋3 are all discrete random variables. In the Monte Carlo approach, they are generated by drawing a random 25 

number 𝜁 uniformly distributed in the interval [0,1] and then applying the Russian roulette algorithm. Taking the first 26 

uncertainty factor – selection of normalization method, 𝑋1, as an example: if 𝜁 ∈ [0, 0.5], the distance to a reference 27 

method will be used for normalization; if 𝜁 ∈ (0.5, 1], the re-scaling will be used. Similar procedures are followed by 28 

the second and third uncertainty factors. In this paper, a quasi-random sampling scheme (Sobol, 1967) is used for 29 

generating 𝜁. The sample size 𝑛 an vary in the 100–1000 range (Saisana et al., 2005). We hereby apply the most 30 

commonly adopted base sample size of 𝑛 = 512.  31 

Upon operating the variance-based sensitivity analysis, the independent and interactive effects of the normalization, 32 

weighting and aggregation processes on the final composite indicator results will be determined. 33 

3.6.2. Average shift in ranking 34 

ASR is a well-used technique designed to test the robustness of composite indicators, notably where multiple schemes 35 

are used for composite indicator building (Liew, Che Ros and Harun, 2019; Hudrliková, 2013; De Montis et al, 2020). 36 

The ASR is given by equation (15): 37 𝑅𝑠 = 1𝑀 ∑ |𝑅𝑎𝑛𝑘𝑟𝑒𝑓(𝐶𝐼𝑐) − 𝑅𝑎𝑛𝑘(𝐶𝐼𝑐)|𝑀𝑐=1                                                                                              (15) 38 𝑅𝑠 stands for the average of the absolute differences in rankings relative to the reference ranking across all M years. 39 

This value has the significance of encompassing the relative positional changes among the whole analyzed years into 40 
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a single number. The median rank is taken as the reference ranking during most ASR analyses. A 𝑅𝑠 value closer to 1 

zero implies that the rank is closer to the median. 2 

3.6.3. Cronbach’s alpha test 3 

The Cronbach’s alpha was developed initially by Crobach (1951) as a measure of reliability and is used here to test 4 

the internal consistency of the rankings given by different composite indicator building schemes. 5 

The formula for Cronbach’s alpha is given in equation (16):   6 𝛼 = 𝑁𝑐𝑣+(𝑁−1)𝑐                                                                                                                                             (16) 7 

where 𝑁 is the number of composite indicator building schemes, 𝑣 is the average variance, and 𝑐 is the average inter-8 

item covariance. 9 

An 𝛼 value above 0.9 indicates significant consistency between ranking schemes, whereas a value below 0.7 implies 10 

insufficient consistency. 11 

4. Index implementation and extensions 12 

4.1. Indicators processing and analytical results 15 

Following the composite indicator building procedures elaborated in Section 3, the raw data collected for the 28 airport 16 

sustainability indicators across four dimensions will be normalized, weighted, and aggregated subsequently. The 17 

combination schemes during this process are organized in Table 4: 18 

          Table 4. Combination schemes used for composite indicator building 19 

Combination scheme Normalization method Weighting method Aggregation method 

DEL Distance to a reference Equal weightings Linear aggregation 

DEN Distance to a reference Equal weightings Non-compensatory multi-criteria approach 

DBL Distance to a reference Benefit of the doubt Linear aggregation 

REL Re-scaling Equal weightings Linear aggregation 

REN Re-scaling Equal weightings Non-compensatory multi-criteria approach 

RBL Re-scaling Benefit of the doubt Linear aggregation 

DBN Distance to a reference Benefit of the doubt Non-compensatory multi-criteria approach 

RBN Re-scaling Benefit of the doubt Non-compensatory multi-criteria approach 

 20 
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Therefore, we can obtain eight sets of composite index scores and rankings for the four sustainability dimensions. Fig. 1 

5 portrays their uncertainty analysis results with the highest rank, lowest rank, median rank, and mean rank labeled. It 2 

can be concluded that: 3 

 4 

Fig. 5. Uncertainty analysis results of four airport sustainability dimensions 5 
 6 

• The composite index rankings given by the different building schemes can vary to a certain extent: the largest 7 

difference in ranking is 5 places, whilst nearly sixty percent of the yearly ranking positions have a maximum 8 

difference of two places or less. However, the median and mean values among the eight sets of results are 9 

comparable, with the difference all equal to or less than one place. 10 

• A prominent tipping point among the four graphs occurs in 2020, which is also the time point when Covid-11 

19 struck globally. The economic dimension has suffered the most from this pandemic, with its sustainability 12 

index plummeting from the highest score in 2019 to the lowest level in the ten years analyzed, comparable 13 

to the score achieved in 2012. From 2020 to 2021, there was a slight rebound, but its sustainability level was 14 

still lower than that from 2014 to 2019. The situation is similar for the operational dimension, emerging at 15 

the bottom sustainability level in 2020 and experiencing a modest recovery for the year after. The 16 

sustainability performance for the social and environmental dimensions has steadily improved since 2016 17 

and reached their highest levels in 2020. From 2020 to 2021, the sustainability ranking for both dimensions 18 

dropped by only one place. This indicates that the impact of the pandemic on the social and environmental 19 

sustainability of Schiphol is relatively mild and reflects the more resilient sustainability capability of Schiphol 20 

in these two dimensions. 21 

• Another noteworthy tipping point came in 2013, where significant sustainability improvements were made 22 

in terms of social, operational, and environmental dimensions. The underlying reason can be attributed to 23 

Schiphol starting to implement its Master Plan (MP) in 2013. The MP plan spans four years with the 24 

ambitious goal of creating one of the most sustainable and high-quality airports in the world. However, with 25 
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the exception of economic feasibility, which saw sustainability improvement from 2013 to 2014, all three 1 

dimensions showed a downward trend, with social in particular. Besides, these three dimensions have not 2 

regained their sustainability levels observed in 2013 during the remaining two years of the MP strategy. 3 

Synthesizing all four dimensions of the airport sustainability index scores, the overall airport sustainability ranking is 4 

given in Fig. 6. According to Fig. 6, the overall ranking derived from the eight composite indicator building schemes 5 

exhibits more variation than the amount within each sustainability dimension. The reason is that the sustainability sub-6 

indexes will be aggregated into the overall sustainability index during this process, in turn creating an increase in the 7 

overall uncertainty.  8 

However, the eight building schemes have reached a high degree of consensus on identifying the outstanding and 9 

worst performers. The year 2019 was the only year in which all schemes assigned a ranking in the top three positions, 10 

and therefore 2019 was considered the outstanding performer over the ten years analyzed. Among the schemes, five 11 

identified it as the best performer, two as the second-best performer, and one as the third best. Oppositely, the rankings 12 

for 2012, 2014, and 2016 are all concentrated in the bottom four positions and are classified as the worst performers. 13 

 14 
Fig. 6. Uncertainty analysis result of the overall composite indicator rankings (source: own development) 15 

 16 

Fig. 7. Breakdown of airport sustainability scores for the years 2013, 2019 and 2020 (source: own development) 17 

 18 

 19 

Taking three typical years from the above analysis: the Sustainable MP strategy implementation year (2013), the 20 

outstanding performer year (2019), and the Covid-19 outbreaking year (2020). These three years’ average scores 21 
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across the four sustainability dimensions are collapsed, as shown in Fig. 7. In 2013, the four dimensions of Schiphol’s 1 

sustainability scores were connected in a rather regular diamond shape: the social and operational dimension scores 2 

are similar and outperform than environmental and economic dimensions. By 2019, Schiphol has maintained the same 3 

level of sustainability in the operational dimension as in 2013, with significant improvements in the economic and 4 

environmental dimensions, whereas a clear drop in the social dimension. The four sustainability dimensions exhibited 5 

the greatest variation in 2020.  In addition, the Covid-19 has reshaped the Schiphol’s sustainability pattern, switching 6 

from business- and operations-oriented in 2019 to environment- and society-oriented in 2020. 7 

The four dimensions and their overall composite index scores obtained earlier in this Section demonstrate that different 8 

composite indicator building schemes can make a significant difference to the results. Therefore, the variance-based 9 

sensitivity analysis is performed to decompose the variance of the output and investigate key drivers of the variance. 10 

The first-order sensitivity indexes outlined in Fig. 8 illustrate the amount of contribution made by the normalization, 11 

weighting, and aggregation processes separately to the final results.  12 

 13 

Fig. 8. Sensitivity analysis results based on first-order sensitivity index (source: own development) 14 

 15 
Fig. 9. Sensitivity analysis results based on total-order sensitivity index (source: own development) 16 
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According to the findings, all three processes have contributed to the final results, with the total variance differing 1 

each year. Nevertheless, the weighting process occupies the largest area in Fig. 8, with a total contribution to the 2 

output variance equal to 56.03%, and is therefore considered the most influential process in ASEI construction. Next 3 

is the aggregation process, which accounts for 26.49% of the output variance. Normalization is the least affected of 4 

the three processes, with a contribution of 17.48%. 5 

The total contribution of the ASEI construction process (individually and by interactions) is measured by the total-6 

order sensitivity indexes and is sketched in Fig. 9. By comparison with Fig. 8, the sum of the three processes’ total-7 

order sensitivity indexes each year is greater than the sum of the first-order sensitivity indexes that year, which is 8 𝑆𝑇𝑖 > 𝑆𝑖 . This verifies that all combination schemes are non-additive. Additionally, the gap between the three 9 

processes’ total-order sensitivity indexes is narrowed compared to the first-order sensitivity index. Weighting remains 10 

the most influential process, explaining 45.60% of the total variance. Normalization and aggregation contributed 25.46% 11 

and 28.94% of the variance, respectively. In conclusion, weighting is the key process in the ASEI construction, with 12 

its individual and interactive contribution to output variance significantly higher than the others. 13 

To examine the reliability of the eight composite indicator building schemes as a group, the Cronbach’s alpha 14 

reliability test and ASR were used, and the results are presented in Tables 5 and 6, respectively. According to Table 15 

5, the calculated value of Cronbach’s alpha is 0.952, representing that the eight combination schemes exhibited 16 

excellent internal consistency. Table 5 also gives the Cronbach’s alpha value after removing one scheme from the 17 

eight combinations. Based on the results, the DBN and RBN schemes would drop the most in group reliability if they 18 

were removed. 19 

Table 5. The Cronbach’s alpha reliability test 20 

Cronbach’s 
Alpha 

Cronbach’s alpha if an item deleted 
DEL DEN DBL REL REN RBL DBN RBN 

0.952 0.952 0.952 0.946 0.946 0.949 0.944 0.939 0.939 

Table 6. The average shift in rankings 21 

 DEL DEN DBL REL REN RBL DBN RBN 𝑅𝑠 1.3 1.6 0.8 1.1 1.5 0.8 0.8 0.5 

 22 

Further, the RBN has the lowest value on 𝑅𝑠, equalling 0.5, implying that the sustainability ranking given by the RBN 23 

is consistently situated close to the median position throughout the analysis period. 24 

4.2. Transferability and policy insights 25 

This paper selects Schiphol as a demonstration for building the airport sustainability composite indicators. The 26 

indicators and methodology can also be applicable to other hub and regional airports. During the transfer process, it’s 27 

worth noting that although these indicators are theory-driven based on the principles of sustainability, in practice, they 28 

can vary in relation to the airport’s own operational focus, its position in the air transport network and the data 29 

availability. In this context, the same sustainability criteria can be reflected from different indicators. For example, 30 

according to existing studies, the airport’s service quality can be captured from Skytrax rankings, Google reviews or 31 

through surveys or interviews with passengers conducted by the airport operators. Similarly, the same sustainability 32 

issue can be considered by different criteria. A common example is that airport noise can be represented in the 33 

environmental dimension as a form of pollution, however, it can also be reflected in the social context through the 34 

number of noise complaints from local communities, as ensuring pleasant living conditions is also a social 35 

responsibility of the airport. Furthermore, for some regional airports with limited resources, they may not or not be 36 

able to strike a balance between the different dimensions. For addressing the above issues, when localizing the 37 

sustainability composite indicators to other airports, it is essential to start with a stakeholder communication to better 38 

understand on the role of the concerned airport expects to play in sustainable development. Likewise, these indicators 39 

and methodology can be adapted to assess the sustainability performance of other aviation components, such as airlines 40 

or air cargo carriers. 41 

As a standard and complete framework, starting with normalization, weighting, aggregation through to the final 42 

sensitivity and reliability tests, this process can also be considered as a reference for sustainability assessments beyond 43 

the aviation industry. Although the choice of indicators can vary considerably due to the unique characteristics of the 44 

industries, the procedures for establishing and analyzing the sustainability composite indicators are identical and can 45 

be easily followed by other industries. 46 
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As discussed in Section 2.3, it is a common pitfall in composite indicator benchmarking studies that the policy insights 1 

are often overlooked or under-emphasized due to the potential gap between the “use” and “influence” of indicators. 2 

Whilst this paper is methodologically oriented on the process of constructing composite indicators, we also elaborate 3 

here on how this framework can be complemented to drive policy change and facilitate decision-makings: 4 

• Use of sensitivity or regression analysis to investigate the individual influence of the indicators on the final 5 

composite indicator score. By highlighting the most and least critical influencing factors on airport 6 

sustainability, policymakers can identify the areas where they should focus their efforts and resources to 7 

improve sustainability performance. 8 

• Inclusion of participatory methods during the composite indicator building. The selection and weighting of 9 

indicators can be achieved through the engagement of airport stakeholders or relevant experts. The composite 10 

indicator system created through participatory methods can be cross validated with that created through pure 11 

mathematical models and thus it can reduce the subjectivity and reflect the perspectives of all stakeholders. 12 

Meanwhile, participatory methods can facilitate decision-makers better understand the values, priorities, and 13 

concerns of different groups, thereby enhancing the legitimacy and effectiveness of policies. 14 

• Diagnose the effectiveness of prior or ongoing airport sustainability policies. The effectiveness of an airport 15 

sustainability policy can be reflected by the sustainability performance of the airport at two different time 16 

points, such as before and after the policy is implemented. However, sustainable composite indicators do not 17 

provide detailed information on the specific factors that contribute to or inhibit sustainability performance. 18 

We can supplement this by using both the mathematical and participatory approaches mentioned in the first 19 

two points. 20 

5. Conclusion 21 

Although the term “airport sustainability” is increasingly mentioned by aviation policymakers and researchers, its 22 

definition is still contested, and no mature methodology has been formed to quantify it.  23 

Conceptually, this study proposes a holistic definition of airport sustainability established on the basis of uniformity 24 

and specificity. On top of that, airport sustainability is not a constant value and may change in response to social and 25 

technological developments. The concrete initiatives for airport sustainability also vary from airport to airport, as they 26 

are subject to diverse internal dynamics and external factors. However, the development direction towards 27 

sustainability is consistent among all airports - to foster coherent developments on social responsibility, operational 28 

efficiency, economic feasibility, and environmental friendliness. 29 

Methodologically, the composite indicator approach was applied to benchmark the airport’s sustainability 30 

performance across four dimensions. In this study, the sustainability indicators were first aggregated into sustainability 31 

sub-indexes and then into the overall composite index. To explore the issue of subjectivity in composite indicator 32 

building, two different methods were used in each of the normalization, weighting, and aggregation processes. This 33 

resulted in eight combination schemes to construct the ASEI. In the end, the sensitivity and reliability analyses were 34 

performed to investigate the quantitative contribution of the three composite indicator building processes to the final 35 

results and the reliability amongst the eight combination schemes. 36 

This study used Schiphol as an apply case to validate the ASEI system with its data from 2012 to 2021 as inputs. 37 

According to the results, there is a consensus among the eight combination schemes in identifying the outstanding 38 

(the year 2019) and bottom (the year 2012, 2014, and 2016) performers across the analyzed ten years. However, a 39 

high level of variation was observed in ranking the medium performers. The Covid-19 also has a sharp impact on 40 

Schiphol’s sustainability performance by reshaping its sustainability pattern from business- and operations-oriented 41 

in 2019 to environment- and society-oriented in 2020. 42 

The variance-based sensitivity analysis identified weighting as the most influential process in composite indicator 43 

building, followed by aggregation. Normalization made the least contribution to the result variance. The eight 44 

combination schemes also revealed an excellent internal consistency judging from the Cronbach’s alpha test. 45 

Specifically, the DBN and RBN schemes had the most significant impact on reliability with respect to all schemes. In 46 

addition, the ASR indicated that the scheme RBN is consistently situated close to the median position throughout the 47 

analysis period. Therefore, the scheme with the most significant contribution to the result reliability found in this paper 48 

is RBN, which denotes re-scaling as the normalization method, BoD as the weighting method, and NCMC as the 49 

aggregation method. 50 

As a forerunner in introducing the composite indicator approach to airport sustainability evaluation, this study 51 

demonstrates various aspects of sustainability issues and employs alternative normalization-weighting-aggregation 52 

schemes to build the airport sustainability index. The study also fulfils the content in sensitivity and reliability analyses 53 
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of composite indicators, emphasizing the variations in the final results arising from different combinations of 1 

normalization, weighting, and aggregation methods. 2 

In practice, the ASEI proposed in this study provides a holistic framework for sustainability evaluation, assisting 3 

airport operators to identify their sustainability status and trend regarding social responsibility, economic feasibility, 4 

operational efficiency, and environmental friendliness. The ASEI can also serve as a guideline methodology for 5 

sustainability assessment within the air transport sector (e.g., airlines and air cargo) and beyond (e.g., railway stations). 6 

In advancing this study, two complementary paths will be pursued. First, methodological refinement will be 7 

undertaken by integrating participatory methods such as Budget Allocation (BAL) and Multi-Criteria Decision 8 

Analysis (MCDA) into the weighting process. This inclusion will serve to augment our methodology and establish a 9 

mechanism for cross-validation against the pure mathematical methods utilized in this paper. Simultaneously, a 10 

distinct line of inquiry will be dedicated to the practical transposition of these refined methodologies. This endeavor 11 

will result in a separate publication delineating the transition from theoretical constructs to practical applications 12 

suitable for diverse airport environments. Moreover, the geographical ambit of the study will be extended to 13 

incorporate representative airports on both regional and global scales, thereby enabling cross-sectional comparisons 14 

of sustainability. Through this bifurcated approach, the research aims to contribute both to the theoretical discourse 15 

on airport sustainability and to the provision of actionable strategies for the global aviation industry. 16 
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Appendix A 1 

 2 

Table A1: Impact matrix for Dimension 1 - Social Responsibility 3 

 Social Responsibility indicators 

I1.1 I1.2 I1.3 I1.4 I1.5 I1.6 I1.7 

2012 0.174 0.000 0.000 0.909 0.000 0.914 0.414 

2013 0.063 0.067 1.000 1.000 0.118 1.000 0.283 

2014 0.062 0.117 0.250 0.818 0.176 0.625 0.273 

2015 0.000 0.050 0.750 0.455 0.059 0.886 0.313 

2016 0.111 0.050 0.313 0.091 0.294 0.825 0.116 

2017 0.257 0.517 0.375 0.273 0.412 0.493 0.010 

2018 0.464 0.783 0.813 0.182 0.412 0.110 0.000 

2019 0.739 1.000 0.250 0.000 0.529 0.000 0.081 

2020 1.000 0.300 0.813 0.455 0.706 0.643 1.000 

2021 0.447 0.517 0.438 0.182 1.000 0.599 0.913 

Weight 1/7 1/7 1/7 1/7 1/7 1/7 1/7 

Table A2: Impact matrix for Dimension 2 - Economic Feasibility 4 

 Economic Feasibility indicators 

I2.1 I2.2 I2.3 I2.4 I2.5 I2.6 I2.7 

2012 0.697 0.598 0.759 0.021 0.000 0.826 0.786 

2013 0.729 0.570 0.792 0.000 0.021 0.860 0.826 

2014 0.798 0.755 0.655 0.031 0.174 0.901 0.894 

2015 0.801 0.604 0.765 0.168 0.251 1.000 1.000 

2016 0.790 0.658 0.622 0.173 0.009 0.909 0.918 

2017 0.766 1.000 0.401 0.228 0.342 0.868 0.880 

2018 0.787 0.875 0.189 0.399 0.504 0.860 0.894 

2019 1.000 0.781 0.000 0.500 1.000 0.913 0.951 

2020 0.000 0.000 0.681 0.854 0.870 0.000 0.000 

2021 0.142 0.365 1.000 1.000 0.270 0.694 0.383 

Weight 1/7 1/7 1/7 1/7 1/7 1/7 1/7 

Table A3: Impact matrix for Dimension 3 - Operational Efficiency 5 

 Operational Efficiency indicators 

I3.1 I3.2 I3.3 I3.4 I3.5 I3.6 I3.7 

2012 0.133 0.592 0.721 0.583 0.645 0.862 0.571 

2013 0.288 0.623 0.729 0.750 0.776 0.917 0.857 

2014 0.616 0.671 0.775 0.639 0.513 0.807 0.714 

2015 0.577 0.736 0.821 0.722 0.447 0.691 0.857 

2016 0.710 0.841 0.924 0.722 0.224 0.661 0.714 

2017 1.000 0.937 0.990 0.833 0.105 0.364 1.000 

2018 0.884 0.987 1.000 0.861 0.066 0.226 0.857 

2019 0.414 1.000 0.990 1.000 0.000 0.000 0.857 

2020 0.000 0.000 0.000 0.556 0.789 1.000 0.000 

2021 0.726 0.091 0.146 0.000 1.000 0.558 0.857 

Weight 1/7 1/7 1/7 1/7 1/7 1/7 1/7 

 6 

 7 

 8 

9 
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Table A4: Impact matrix for Dimension 4 - Environmental Friendliness 1 

 Environmental Friendliness indicators 

I4.1 I4.2 I4.3 I4.4 I4.5 I4.6 I4.7 

2012 0.324 0.918 0.200 0.000 0.373 0.353 0.000 

2013 0.464 1.000 0.000 0.026 0.414 0.627 0.026 

2014 0.686 0.445 0.400 0.158 0.000 0.000 0.158 

2015 0.655 0.095 0.400 0.192 0.102 0.275 0.192 

2016 0.547 0.019 0.200 0.220 0.344 0.396 0.220 

2017 0.529 0.000 0.600 0.454 0.672 0.375 0.454 

2018 0.118 0.052 0.400 0.803 0.766 0.659 0.803 

2019 0.000 0.104 0.600 1.000 0.762 0.851 1.000 

2020 1.000 0.705 1.000 0.860 1.000 0.843 0.860 

2021 0.957 0.297 1.000 0.798 0.934 1.000 0.798 

Weight 1/7 1/7 1/7 1/7 1/7 1/7 1/7 

Table A5: Outranking matrix for Dimension 1 - Social Responsibility 2 

 Scoreboard 
Sum Rank 

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 

2012 0 2/7 4/7 4/7 4/7 3/7 3/7 3/7 2/7 2/7 3.86  7 
2013 5/7 0 5/7 6/7 5/7 4/7 4/7 4/7 3/7 3/7 5.57  2 
2014 3/7 2/7 0 4/7 3/7 3/7 3/7 4/7 1/7 2/7 3.57  9 
2015 3/7 1/7 3/7 0 5/7 4/7 3/7 4/7 2/7 3/7 4.00  6 
2016 3/7 2/7 4/7 2/7 0 2/7 2/7 4/7 1/7 1/7 3.00  10 
2017 4/7 3/7 4/7 3/7 5/7 0 4/7 3/7 1/7 2/7 4.14  5 
2018 4/7 3/7 4/7 4/7 5/7 3/7 0 3/7 2/7 4/7 4.57  4 
2019 4/7 3/7 3/7 3/7 3/7 4/7 4/7 0 1/7 2/7 3.86  8 
2020 5/7 4/7 6/7 5/7 6/7 6/7 5/7 6/7 0 5/7 6.86  1 
2021 5/7 4/7 5/7 4/7 6/7 5/7 3/7 5/7 2/7 0 5.57  3 

Table A6: Outranking matrix for Dimension 2 - Economic Feasibility 3 

 Scoreboard 
Sum Rank 

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 

2012 0      2/7  1/7 0      1/7  1/7  1/7  1/7  5/7  4/7 2.29  10 
2013  5/7 0      1/7  1/7  2/7  1/7  2/7  1/7  5/7  4/7 3.14  8 
2014  6/7  6/7 0      1/7  4/7  4/7  4/7  1/7  4/7  4/7 4.86  5 
2015 1      6/7  6/7 0      5/7  4/7  4/7  3/7  5/7  4/7 6.29  2 
2016  6/7  5/7  3/7  2/7 0      4/7  4/7  1/7  4/7  4/7 4.71  6 
2017  6/7  6/7  3/7  3/7  3/7 0      3/7  2/7  4/7  5/7 5.00  3 
2018  6/7  5/7  3/7  3/7  3/7  4/7 0      2/7  4/7  5/7 5.00  4 
2019  6/7  6/7  6/7  4/7  6/7  5/7  5/7 0      5/7  5/7 6.86  1 
2020  2/7  2/7  3/7  2/7  3/7  3/7  3/7  2/7 0     1     3.86  7 
2021  3/7  3/7  3/7  3/7  3/7  2/7  2/7  2/7 0     0     3.00  9 

Table A7: Outranking matrix for Dimension 3 - Operational Efficiency 4 

 Scoreboard 
Sum Rank 

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 

2012 0     0      2/7  2/7  2/7  2/7  2/7  2/7  5/7  4/7 3.00  9 
2013 1     0      4/7  4/7  4/7  2/7  3/7  3/7  5/7  5/7 5.29  3 
2014  5/7  3/7 0      3/7  3/7  2/7  2/7  3/7  5/7  4/7 4.29  7 
2015  5/7  3/7  4/7 0      4/7  2/7  3/7  4/7  5/7  5/7 5.00  4 
2016  5/7  3/7  4/7  3/7 0      2/7  2/7  3/7  5/7  4/7 4.43  6 
2017  5/7  5/7  5/7  5/7  5/7 0      4/7  4/7  5/7  5/7 6.14  1 
2018  5/7  4/7  5/7  4/7  5/7  3/7 0      5/7  5/7  5/7 5.86  2 
2019  5/7  4/7  4/7  3/7  4/7  3/7  2/7 0      5/7  4/7 4.86  5 
2020  2/7  2/7  2/7  2/7  2/7  2/7  2/7  2/7 0      2/7 2.57  10 
2021  3/7  2/7  3/7  2/7  3/7  2/7  2/7  3/7  5/7 0     3.57  8 

 5 

6 
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Table A8: Outranking matrix for Dimension 4 - Environmental Friendliness 1 

 Scoreboard 
Sum Rank 

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 

2012 0      1/7  3/7  3/7  3/7  1/7  2/7  2/7  1/7  1/7 2.43  10 
2013  6/7 0      3/7  3/7  3/7  2/7  2/7  2/7  1/7  1/7 3.29  6 
2014  4/7  4/7 0      3/7  3/7  2/7  3/7  2/7 0      1/7 3.14  7 
2015  4/7  4/7  4/7 0      3/7  2/7  3/7  1/7 0     0     3.00  8 
2016  4/7  4/7  4/7  4/7 0      3/7  1/7  1/7 0     0     3.00  9 
2017  6/7  5/7  5/7  5/7  4/7 0      2/7  2/7 0     0     4.14  5 
2018  5/7  5/7  4/7  4/7  6/7  5/7 0      2/7 0      2/7 4.71  4 
2019  5/7  5/7  5/7  6/7  6/7  5/7  5/7 0      3/7  2/7 6.00  3 
2020  6/7  6/7 1     1     1     1     1      4/7 0      6/7 8.14  1 
2021  6/7  6/7  6/7 1     1     1      5/7  5/7  1/7 0     7.14  2 

Table A9: Impact matrix for the second level of aggregation 2 

 Ranking of airport sustainability sub-index 

D1 D2 D3 D4 

2012 7 10 9 10 

2013 2 8 3 6 

2014 9 5 7 7 

2015 6 2 4 8 

2016 10 6 6 9 

2017 5 3 1 5 

2018 4 4 2 4 

2019 8 1 5 3 

2020 1 7 10 1 

2021 3 9 8 2 

Weight 1/4 1/4 1/4 1/4 

Table A10: Outranking matrix for airport sustainability composite index 3 

 Scoreboard 
Sum Rank CI 

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 

2012 0     0      1/4 0      1/4 0     0      1/4  1/4 0     1.00  10 0.11 
2013 1     0      3/4  3/4  3/4  1/4  1/4  1/2  1/4  3/4 5.25  4 0.58 
2014  3/4  1/4 0      1/4  3/4 0     0     0      1/2  1/2 3.00  8 0.33 
2015 1      1/4  3/4 0     1      1/4  1/4  1/2  1/2  1/2 5.00  6 0.56 
2016  3/4  1/4  1/4 0     0     0     0     0      1/2  1/2 2.25  9 0.25 
2017 1      3/4 1      3/4 1     0      1/2  1/2  1/2  1/2 6.50  1 0.72 
2018 1      3/4 1      3/4 1      1/2 0      1/2  1/2  1/2 6.50  2 0.72 
2019  3/4  1/2 1      1/2 1      1/2  1/2 0      1/2  1/2 5.75  3 0.64 
2020  3/4  3/4  1/2  1/2  1/2  1/2  1/2  1/2 0      3/4 5.25  5 0.58 
2021 1      1/4  1/2  1/2  1/2  1/2  1/2  1/2  1/4 0     4.50  7 0.50 

 4 

 5 

  6 
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