c

CIRRELT
CIRRELT-2025-28

A MODULAR MODELLING
FRAMEWORK OF TOURISM
SUSTAINABILITY:

The Case of Eco-Efficiency

Sophie Bernard
Jean-Marc Frayret

September 2025

Bureau de Montréal

Université de Montréal
C.P.6128, succ. Centre-Ville
Mentréal {Québec) H3C 307
Tél - 1-514-343- 7575
Telécopie -1-514-343-7121

Bureau de Québec

Université Laval,

2325, rue de la Terrasse

Pavillen Palasis-Prince, local 2415
Québec (Québec) GIVOAG

Tél - 1-418-656-2073

Télécopie - 1-418-656-2624




A MODULAR MODELLING FRAMEWORK OF TOURISM
SUSTAINABILITY: The Case of Eco-Efficiency

Sophie Bernard>*4, Jean-Marc Frayret">*

1. Interuniversity Research Centre on Enterprise Networks Logistics and
Transportation (CIRRELT)

2. Polytechnique Montréal, Department of Mathematics and Industrial
Engineering

3. Interdisciplinary Research Centre for Operationalization of Sustainable
Development

4. Quebec Circular Economy Research Network

Abstract. Environmental evaluations in tourism research are often irregular and
incomplete, and tourism ecolabels lack international standardisation and scientific
validation. Due to the complexity of the tourism system, various evaluation scopes are
needed based on specific contexts. For this purpose, a modular approach is proposed to
improve the standardisation and robustness of sustainability evaluation and measurement
in tourism. This paper introduces a systemic, multidimensional and multiperspective
modular modelling framework for analysing tourism’'s production and consumption
systems. The framework aims to provide a common framework that allows for
standardisation, structure, and flexibility in assessing and measuring tourism sustainability,
with a particular focus on eco-efficiency. The modularity concept deconstructs system
complexity from various perspectives, enabling a flexible and standardised method for
measuring tourism eco-efficiency impacts using the IPAT equation. This approach
enhances the evaluation process and paves the way for standardized eco-labels in the
tourism industry.
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1 INTRODUCTION

Despite the economic benefits of tourism, its activities significantly strain resources. Between
2009 and 2019, global tourism-related emissions increased at an average annual rate of 3.5%,
which is twice the growth rate of the global economy, reaching 5.2 gigatons of CO.-equivalent in
2019. This accounts for approximately 8.8% of total global greenhouse gas emissions (Y.-Y. Sun
et al., 2024). In 2024, the tourism sector officially recovered to pre-COVID-19 levels of 2019,
with 1.4 billion international tourist arrivals globally (UNWTO, 2025). While the past footprint is
alarming, the future may present even greater risks and concerning effects if no drastic measures
are taken. According to the United Nations Environment Program (2012), maintaining a business-
as-usual scenario until 2050 could result in a 154% increase in energy consumption, a 131% rise
in greenhouse gas emissions, a 152% increase in water consumption and a 251% surge in solid
waste disposal. The increasing tourist flow and negative impacts of tourism demand more robust
quantitative approaches to measure and monitor tourism effects closely (Asmelash & Kumar,
2019; Butler, 1999; Filimonau, 2016). Various evaluation tools and methods address sustainability
issues across economic, environmental and social dimensions, each with specific limitations and
applications. As evaluation methods become more precise, resource efficiency must continuously
improve to keep tourism within planetary boundaries (Gdssling et al., 2005a). To communicate
their progress in reducing negative impacts and to stand out, enterprises and destinations can seek
ecolabels, as one of many measures. However, tourism ecolabels lack international standardisation
and do not always rely on scientifically proven environmental evaluations (Font, 2002), such as
practice-based standards (Prag et al., 2016). Research is needed to bridge the gap between
evaluation tools and ecolabels, accommodating the industry’s complexity and heterogeneity, and
providing tourism actors with scientific and comparable eco-efficiency measures.

Since the release of the Brundtland report in 1987, studies on tourism sustainability have
proliferated, highlighting the industry’s complexity. The tourism supply chain, encompassing all
activities and operations that deliver tourism products and services, is fragmented across various
industries, such as transportation, accommodation, restauration, and activities, as well as ancillary
services like banking and insurance (Filimonau, 2016). The quality and characteristics of tourism
offerings, such as transportation subcategories and the diverse array of products and services,
reflect the heterogeneous nature of tourist preferences and interests, as well as types of tourism
(e.g., business, adventure, cultural) and activities (e.g., attractions, tours, sports events,
conferences) (Castellani & Sala, 2012; Filimonau et al., 2014)). Jere Jakulin (2017) describes the
complexity of the tourism system as a soft organisational system, characterised by interactions
among its subsystems that influence its development. These subsystems extend beyond hard
systems with rules and rigid structures, encompassing various stakeholders, supply and demand
dynamics, and informational, material, financial, social, and psychological components. Each
component has specific behaviours and activities aimed at achieving its goals. Therefore, the
implementation of ecolabels may vary based on these contextual factors, in addition to the
perspectives of those concerned. Perspectives refer to the viewpoints, such as stakeholders’ or
products and services’ standpoints, from which we analyse a system. Consequently, this paper
contributes to this literature by exploring the potential of a modular approach to standardise and
structure tourism sustainability modelling, thereby enhancing the flexibility of tourism evaluation
and measurement based on different lenses of the ecosystem.

This paper proposes an initial step toward structuring tourism production and consumption
in ways that reconcile the sector’s complexity with the imperative of sustainability. While digital

CIRRELT-2025-28 1



A MODULAR MODELLING FRAMEWORK OF TOURISM SUSTAINABILITY: The Case of Eco-Efficiency

platforms and centralized systems have facilitated unprecedented ease in travel planning,
information regarding the environmental, social, and cultural consequences of individual choices
remains limited. To address this gap, we introduce a systemic, multiperspective, and
multidimensional modelling framework that provides tourism stakeholders—including service
providers, tour operators, government entities, tourists, and scholars—with concepts and
representations for studying tourism eco-efficiency performance in a holistic and structured
manner. By standardizing and organizing information through modularity, the framework supports
the measurement of tourism resource consumption and production impacts across all types of
tourism. In doing so, it enables the integration of impact-based metrics into decision-making
throughout tourism supply chains, allowing stakeholders, including travellers, to align their
choices with sustainability objectives. This proposal builds on the framework for sustainable
production and consumption for travellers by De Camillis, Peeters, Petti and Raggi (2012),
expanding tourism perspectives and evaluation tools to better address sustainability challenges.

While the focus of this paper is on eco-efficiency, it acknowledges the importance of other
sustainability dimensions (e.g., social and cultural) for future contributions. Recognising that
carrying capacities exhibit non-linear characteristics, where each additional unit of production-
consumption can have a disproportionate impact, this study positions itself within ranges where
the marginal impact is constant. Therefore, the concept of carrying capacity is integrated into the
proposed modelling framework with specific thresholds.

This paper begins with a literature review on the emergence and current application of
ecoefficiency in tourism, along with the concepts supporting the proposed modelling framework
(Section 2). Section 3 details the methodology, presenting the main concepts underpinning the
tourism system modelling framework presented in Section 4. The discussion (Section 5) describes
the framework’s application to the cases of a supplier and a tour operator, demonstrating its
suitability for ecolabels. The paper concludes with the study’s limitations and future research
opportunities (Section 6).

2 LITERATURE REVIEW

2.1 Tourism eco-efficiency

Introduced in the 1990s, the eco-efficiency concept aims to strike a balance between
compromises and continuous improvements, anticipating consumption alternatives based on
environmental and economic data. Recognized by the World Business Council for Sustainable
Development (2006), eco-efficiency aims to create equal or greater value to satisfy human needs
with less environmental impact, adhering to the Earth’s limits. While it underscores carrying
capacity as a threshold for economic development, this notion of limits is politically unpopular
(Butler, 2019) and context-dependent (Paskova et al., 2021). Gossling et al. (2005a) introduced
the concept of eco-efficiency in the tourism literature, suggesting the benchmarking of tourism
emissions per unit of value against the average sustainable world eco-efficiency. Tourism
emissions are expected to decrease continuously as global economic growth increases, thereby
remaining within the Earth’s carrying capacity (Gossling et al., 2005a).

Sun et al. (2020) identify three methods in the literature for measuring tourism eco-
efficiency: single ratios, index system methods, and models. These methods range from simple to
multi-factor analyses. Single ratio methods, suitable for individual projects or technical objects (Y.
Sun et al., 2020), have been applied in various scopes and contexts (Cadarso et al., 2016; Gossling
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et al., 2005a; Nguyen et al., 2020; Papargyropoulou et al., 2016; Thamagasorn & Pharino, 2019).
Index system methods, created by indicators to measure eco-efficiency, can be applied at various
scales (Gossling et al., 2005a). Model methods involve advanced nonparametric analysis models
such as DEA (data envelopment analysis), which are suitable for regional-scale analysis to study
spatial and temporal developments (Liu et al., 2017; Lu et al., 2021; Y. Sun et al., 2020).

To our knowledge, comprehensive studies on eco-efficiency for tourism packages from the
perspectives of tourists or tour operators are lacking. Existing studies focus on economic scales
(e.g., destinations, provinces, countries), tourism components (e.g., accommodation and
transportation), or specific environmental indicators (e.g., CO2 eq. emissions and solid waste
management). Index systems could support the evaluation of tourism package eco-efficiency, as
they are well-suited to complex social, economic, and natural systems at regional scales. However,
they are criticized for the subjective weighting in results evaluation (Peng et al., 2017).

2.2 Evaluation tools and tourism evaluation models

Despite advancements in evaluation tools in the tourism literature, proposed indicators (Asmelash
& Kumar, 2019), and tourism impact evaluations, these remain disparate in their methods, scope,
impact spectra, and tool combinations. The diversity complicates the comparisons and decision-
making for stakeholders with varying objectives. Tourism studies employ a wide range of
evaluation tools, from environmental sciences, engineering or social science, focusing on specific
indicators (e.g., climate change, waste generation), tourism products and services or sectors (e.g.,
transportation and accommodation), types of tourism (e.g., ecotourism, urban, sports, events),
scales of analysis (e.g., products and services, holiday packages, destinations and geographic
scales), and perceptions (e.g., tourists, tour operators and governments) for different purposes (e.g.,
regulatory compliance, competitiveness, United Nations objectives, etc.). Authors have identified
various sustainable tourism indicators tailored to specific stakeholder categories (Purwaningsih et
al., 2020) and those suitable for different destinations, thereby aligning the academic and political
realms for operationalization (Tanguay et al., 2011). Arzoumanidis et al. (2021) analyse potential
life cycle-based sustainability and circularity indicators related to the hospitality sector, while
Torres-Delgado and Saarinen (2013) investigate the role of indicators for a sustainable tourism
transition and review the pros and cons of simple and combined indicators versus indexes at
various scales. Despite the search for an ideal set of indicators, challenges such as data accessibility
and subjective interpretation persist (Torres-Delgado & Saarinen, 2013). These studies indicate
that multiple viewpoints are essential, as stakeholders both impact and are impacted by tourism
sustainability.

Current models fail to capture the global complexity of tourism, and studies often remain
incomparable unless disaggregated (Berners-Lee et al., 2011; Cadarso et al., 2016). On the other
hand, studies mention the need to combine tools to enhance evaluation robustness and bypass
limitations (Cadarso et al., 2016; Castellani & Sala, 2012; Schianetz et al., 2007); however, this
increases the complexity of measuring tourism eco-efficiency. Various tools analyse different
tourism aspects: Greenhouse Gas (GHG) Protocol for air transportation (Gossling et al., 2024), a
hybrid multi-criteria approach for hotel chains’ sustainability indicators (Miguez et al., 2023),
Input-Output (I-O) approach for Japan’s tourism carbon footprint (Kitamura et al., 2020), Material
Flow Analysis (MFA) for food waste in-flight catering (Thamagasorn & Pharino, 2019),
Ecological Footprint (EF) Analysis for ecotourism packages (Mancini et al., 2018), Data Envelope
Analysis (DEA) for Chinese coastal cities’ eco-efficiency (Liu et al., 2017), Life Cycle Assessment
(LCA) for tourism components (Filimonau, 2016) and Sustainability Indicators (SI) at the
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municipal level (Torres-Delgado & Palomeque, 2014). Tool combinations such as LCA and I-O
methods (Berners-Lee et al., 2011) and LCA and EF (Castellani & Sala, 2012). In the food supply
chains, life cycle eco-efficiency has been applied to products and their sub-sectors to identify eco-
efficiency improvements (Konstantas et al., 2020). Though insightful, tool applications remain
limited due to methodological weaknesses and practical challenges (Filimonau, 2016).

Evaluation models in the tourism sustainability literature often portray the industry and
holiday packages as linear and simple systems, whereas they are in fact complex and dynamic
(Candia & Pirlone, 2021; Castellani & Sala, 2012; Filimonau, 2016; Filimonau et al., 2013). These
models serve different purposes and lack a standard consensus. More flexible and standardised
evaluation models and ecolabels (Font, 2002) could improve data reuse across contexts, enhancing
eco-efficiency measures within the tourism system’s complexity.

Considering multiple perspectives and dimensions that define the context (scale, time,
scope) while acknowledging the need to combine tools for comprehensive tourism eco-efficiency
adds to the evaluation complexity, alongside considerations of carrying capacities. Although
further development of carrying capacities is beyond the scope of this study, it acknowledges their
critical role as the foundation of sustainable tourism, requiring joint consideration by all tourism
stakeholders.

2.3 Tourism ecolabel
Ecolabels provide information about a product before the purchase decision (Buckley, 2002, 2011)
and aim to enhance the environmental performance of the applicants, driven by market forces, peer
pressure, or subsidies (Font, 2002). However, tourism ecolabels are uncoordinated internationally,
numerous, and created for different players and subsectors, identifying various tourism products,
scales, and quality levels (e.g., national, local, destination, spaces such as beaches and parks, and
activities). The Global Sustainable Tourism Council (GSTC) publishes sustainable tourism criteria
for a range of tourism stakeholders and activities, including destinations, tour operators, hotels,
and MICE tourism (which stands for meetings, incentives, conferences, and exhibitions), as
guidelines for certifications. These guidelines specify what should be done but not how, nor what
to measure or the suggested thresholds. Buckley (2002) notes that effective tourism ecolabels
should be customizable to the context of different countries, ecosystems, and activities.
Conversely, Font (2002) recommends standardisation, focusing on processes or performance
benchmarks at the national certification authority level. This would restrict their international
development due to varying legislation and requirements between sectors and countries.
Ecolabels lack methods to enforce sustainable management, measure performance and
consider improvements that do not guarantee sustainability (Font, 2002), impeding international
standardisation (Buckley, 2011; Font, 2002; Gossling & Buckley, 2016). The International
Organization for Standardization offers a family of standardised guidelines for applying ecolabels
(ISO, 2022). Type III ecolabels inform buyers about the performance of a product or service's life
cycle, for comparison purposes (ISO, 2006). Currently, standardising tourism labels for
international recognition remains challenging, and no tourism ecolabels follow a standardised
impact evaluation approach, allowing for the communication of sustainability evaluations or eco-
efficiency performance.

2.4 Modularity to facilitate the transition to eco-efficiency
As briefly discussed, the concept of modularity could benefit the complex tourism system by
providing a structured depth of analysis. The literature explores modularity in several contexts,
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addressing management (Campagnolo & Camuffo, 2010), innovation (Ethiraj & Levinthal, 2004),
service design (Avlonitis & Hsuan, 2017) and organisational economic issues (Langlois, 2002).
These studies decompose complex systems into so-called “modules”, revealing their compositions,
interactions or interdependencies (Langlois, 2002). Avlonitis et al. (2017) note that modularity
research aligns with modularity multi-level analysis, and is cohesive when services are examined
from a systems theory angle, as modularity is a general characteristic of systems.

The service sector has yet to fully exploit modularity for sustainability purposes, while two
studies investigate the advantages of scaling and updating the life cycle model using reusable
independent modules. One study integrates modularity (Buxmann et al., 2009), while the other
applies object-oriented modelling (Gadre et al., 2017) to the life cycle approach, standardising
modules for different applications and increasing flexibility and reusability. Object-oriented
modelling methods reduce complexity by representing the structure of real-world systems in a
simplified manner, originally used to structure software data and its behaviours (Rumbaugh et al.,
1991). This method identifies and classifies system components and behaviours as general
modules to reproduce and analyse real-world instances. Modularity is well-suited for examining
the complexity of tourism, as it allows for the organization and definition of its components into
distinct modules. For example, analyzing various tourism perspectives, such as those of supply
chain actors, through modularity would involve scaling, mixing, and matching tourism resources
or products and services modules based on environmental evaluation and labelling schemes.

2.5 Gaps’ summary

While the scientific community continues to improve environmental assessment tools, their
application in tourism primarily focuses on destinations, products and services, particularly
accommodation and transportation. Evaluations of tourism packages, activities, and other services
within the tourism system have been limited (Candia & Pirlone, 2021; Filimonau et al., 2011,
2013; Gossling et al., 2005b; Miralles et al., 2024), especially regarding eco-efficiency within
carrying capacities. Furthermore, a more comprehensive representation of the tourism system is
necessary to effectively navigate its complexity and diversity. The concept of modularity holds
potential for enhancing the organisation and standardisation of the complex tourism ecosystem for
evaluation purposes (Figure 1). This study focuses on the modularity and modelling of the tourism
system to evaluate eco-efficiency as a sustainability issue. To the best of our knowledge, no study
explicitly links modularity with improving the robustness of modelling and sustainability
evaluations and measurements in services or tourism, or with enhancing its eco-efficiency.
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Figure 1 Literature review mapping illustrating how the concepts interconnect

3 METHODOLOGY

The conceptual framework is based on a literature review of concepts relevant to defining,
modelling, and evaluating eco-efficiency within the tourism system. These concepts include
modularity, eco-efficiency, carrying capacity and eco-labels. The modularity concept and object-
oriented modelling techniques offer a flexible and “assemble on demand” approach to model and
evaluate the tourism system. Perspectives and dimensions guide the eco-efficiency measure and
support decision-making for stakeholders, while also setting the stage for eco-efficiency modelling
scenarios (instances) using the IPAT equation and integrating economic and measurement tools
such as life cycle assessment. The framework introduces opportunities for eco-efficiency
modelling with impact criteria. Figure 2 illustrates a logical sequence applying these concepts.
Perspectives provide viewpoints for analysing and improving the tourism system’s eco-efficiency,
while modules model the system, including resources and dimensions such as the spatial, temporal,
and contextual factors, to support the selection of evaluation tools. The tourism system impacts
are then assessed using single or combined evaluation tools (Schianetz et al., 2007), and labels can
be awarded based on these evaluations, though they require structure and standardisation.
Therefore, modularity is suggested to standardise the building blocks of tourism eco-efficiency.
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Modules Label standard
Perspectives Tourism system Towrism system Tourism system
P model evaluation label award
Dimensions Evaluation tools

Figure 2 Logical sequence applied to the concepts’ use

4 CONCEPTUAL MODELS TO MEASURE TOURISM ECO-EFFICIENCY

4.1 Tourism multidimensional and multiperspective eco-efficiency framework

4.1.1 Concepts supporting the frameworkFirst, modularity, an engineering concept, is proposed
as a means to model tourism systems using standard modules defined by specific attributes,
relationships, and evaluation methods. This modelling technique provides a standardised
approach to assess the eco-efficiency of a tourism offer from multiple perspectives,
enabling the design and incremental improvement of eco-efficiency. The tourism system
model in Figure 4 is inspired by the object-oriented modelling method to apply modularity.
Second, eco-efficiency aims to reduce environmental impact while fostering economic

growth, also known as decoupling (Lonca et al., 2019). Despite criticism that index system
methods limit the isolation of indirect influences (Y. Sun et al., 2020), they remain useful for
evaluating impacts across scales (Gossling et al., 2005a). This aligns with a multidimensional
framework combined with a modular approach to structure tourism eco-efficiency applications.
Eco-efficiency ratios can be measured using different units, such as impacts per tourist, dollar or
functional unit of the product or service consumed. Based on demand, impact extrapolation
between perspectives becomes feasible. Although dollar-based ratios do not account for free public
resources or activities, visitor ratios consider impacts per visitor experience or functional unit
regardless of price. A modular equation, inspired by the IPAT equation, is proposed to measure
the tourism system’s impacts, compare its eco-efficiency, and monitor performance.

Third, the carrying capacity plays a central role in tourism eco-efficiency, aiming to sustain
economic activities within resource limits before causing irreversible negative changes. In the
proposed framework, carrying capacity is recognised as important, but its application is currently
limited to linear impacts and thresholds. Finally, eco-labels could be used to communicate eco-
efficiency status or improvements. Adopting Type III labels at different scales and perspectives,
such as the products and services level, for tour operators or tourists, is encouraged to customise
eco-efficiency packages, or at the industry level for a region or a country. This proposal suggests
integrating modularity into the framework by De Camillis et al. (2012), offering tourism
sustainability standardisation. For instance, it recommends creating eco-efficient packages
dynamically by assembling individual products and services modules based on key factors and
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labelled impacts. The framework has the potential to incorporate eco-labels from different
perspectives to ensure coherence and uniformity.

4.2 Customisable perspectives and dimensionsThe model incorporates various perspectives
(viewpoints) within the tourism system and supply chain, encompassing, but not limited to,
governments, destination managers, service providers, tour operators, and consumers (Figure 3).
The approach per perspective emphasises the responsibility within each stakeholder’s scope of
action. Then, dimensions influence the choice of evaluation tools or combinations (e.g., specific
or more general evaluations) to provide a multicriteria assessment reflected in a labelling system.

For instance, a service provider might compare their eco-efficiency performance with that
of their peers to enhance their offerings, using the model to study inputs and outputs (resources)
throughout the life cycle to offer competitive, eco-efficient products and services. From the
consumer perspective (tourist), the model guides eco-efficiency consumption compromises.
Despite preferences and constraints, numerous configurations for a more eco-efficient trip are
possible, involving selecting service providers based on overall sustainable performance (supplier
A versus B), choices among accommodations (hotel A, room 1 versus room 2), activities,
restauration and transportation categories. Tour operators, central to the supply chain, promote
sustainable tourism development by influencing consumers, suppliers and destinations through
their sales volumes and coordination roles (Sigala, 2008). They can integrate eco-efficient options
of products and services into their packages. Although consumer values, preferences and social
norms are not directly reflected in the framework, they may be considered through consumption
patterns with the general equation by selecting as a preference by choosing certain types of
products and services (e.g., the most eco-efficient 5-star hotel for comfort or the least impactful
hotel for longer stays). Governing bodies or organizations responsible for promoting, developing,
and managing tourism sites or destinations must coordinate and deliver quality offerings while
executing development plans (e.g., increasing tourist flow and expenditures). Therefore, they can
offer eco-efficient services and public goods consumed by the tourism industry (e.g., national
energy or transport infrastructure, tourism information centers, etc.) at various spatial scales (e.g.,
municipal, regional, and national levels), or for specific impacts or resources that threaten carrying
capacities.

As for dimensions, they influence the selection or combination of evaluation tools and
interpretations of eco-efficiency or carrying capacity. Certain tools are more appropriate to
evaluate specific economic (e.g., micro or macro data) or geographical scales (e.g., global or local
impacts), prospective or retrospective scenarios, periods covered (e.g., cumulative impacts or
duration), or sustainability scope like the technosphere (e.g., technological change in resource
efficiency), ecosphere (e.g., environmental changes) or even sociosphere aspects (e.g., human
social interactions). Lastly, dynamic effects can be assessed using non-linear models or
simulations with feedback loops.
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Figure 3 Multiple perspectives and dimensions

4.2.1 The Modular Tourism System Model and Composition.The model (Figure 4) borrows its
structure and principles from the object-oriented modelling method in software
development. This method applies the modularity concept within a system by decomposing
it into subsystems with shared attributes and understanding their interrelationships to
organise the system’s modules. Modularity facilitates modelling by reusing a module and
its data for new scenarios. This approach models the tourism system and its impact under
flexible and simple structures called to evolve by adding modules (represented by boxes).
Moving across the model from left to right, it formalizes the perspective (stakeholders) that

control resources through interventions (regulation or strategies) to reduce impacts. The resource

consumption impacts stakeholders and the relationship (link) impacts concerns, dimensions and
evaluation tools. Impacts vary across environmental, economic, social, and cultural aspects and
dimensions. The resource module encompasses both natural and manufactured resources
consumed or utilized directly or indirectly by various tourism products and services created and
offered on the market. Natural resources encompass food, water, minerals, energy, waste sinks

(e.g., the atmosphere for emissions), and landscapes, among others. Manufactured resources

encompass a range of goods, including consumable items like cleaning products and oils, as well

as capital goods such as infrastructure and equipment. In addition to the resource subcategories,
carrying capacities are included.

Next, the products and services offered by distinct industries use or consume one-to-many
resources to create one-to-many tourism offers on the market. Touristic basket scenarios are
created (one-to-many) from tourism offers to evaluate and compare their eco-efficiency (see
section 5). Tourism baskets represent specific tourism consumption, such as tourism offers
(products and services) or tourism packages. Tourism sub-industries provide tourism products and
services, such as accommodations, activities and attractions, restauration, ancillary products and
services and transportation. The transportation category identifies modes (air, water, roads, rail)
and vehicles with varying resource consumption, technology energy efficiency, and occupation
rates. It is a central element of tourism mobility, connecting one destination to many others. Each
destination has a unique sociodemographic, socioeconomic, and environmental context that
complexifies the compilation of impacts for multi-destination travels, justifying the need to
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measure one module at a time. Accommodations typically refer to a star system to indicate quality
levels; higher stars usually imply more services (e.g., restaurants, pools, shuttles) with increased
quality levels and potential resource consumption. Restauration refers to commercial food service
(the primary business), such as restaurants and catering services, as well as non-commercial food
service, including in-flight catering. Tourism activities and attractions, engaged in before, during,
and after travel, along with ancillary products and services such as shopping, guided tours,
financial services, and marketing (Camilleri, 2018), should also be considered when applicable.
The tourism system models scenarios for perspectives, creating instances of the system.
For example, a tour operator can combine product and service modules (or options) to create a
one-week tourism package. Evaluating and comparing the impacts of this package with another
composed of alternative products and services, consuming different resources or even different
destinations, would provide information to identify the most eco-efficient tourism package.
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4.2.2 Eco-efficiency modelling and a general approach for tourism perspectives on eco-
efficiency. The modular tourism system model in Figure 4 supports the application of eco-
efficiency explanatory variables (technological and economic) found in the literature. First,
a general equation is proposed to measure tourism eco-efficiency (4), inspired by the IPAT
equations (/) to (3) and compatible with life cycle assessment tools. This equation is then
applied to two specific cases (Figure 5). The environmental impacts, as presented in these
equations, are derived from a life cycle approach. This section models the perspectives and
dimensions previously defined as part of the tourism system, including the types of impacts
to be measured.

The IPAT equation embodies the fundamental concept of decoupling, which is
associated with eco-efficiency and carrying capacity, where economic growth and environmental
impacts are constrained by limited life-supporting systems (Lonca et al., 2019). Lonca et al. (2019)
developed a flexible approach using the IPAT equation to assess decoupling through circular
strategies, suitable for multiple assessment scales (e.g., industrial sectors). In this context, the [PAT
equation is used to model tourism eco-efficiency by applying modular building blocks to the
tourism system’s perspectives. Font Vivanco et al. (2014) demonstrate the compatibility of the life
cycle inventory and the IPAT equation (7). The technological factor decomposition enables
smaller-scale evaluations and extrapolation to larger scales, thereby overcoming shortcomings
such as the impacts on product and product systems' life cycles (Font Vivanco et al., 2014).

i=pxAxT (1)
Impact = Population * Af fluence * Technology 2
N 0 ( ta) A( GDP ) T(impact) 3)
= * *
Himpac pleapita capita GDP
) Tourism consumption Environmental impact )
Impact = Tourist * ( - ) * ( - - )
Tourist Tourism consumption

From the IPAT equations (7) to (3), the explanatory variables are adapted to create a
reference for the tourism industry under equation (4). The latter expresses the impacts of a
perspective by considering explanatory variables such as the population of tourists who consumed
tourism activities (affluence) and environmental impacts resulting from tourism consumption
(technology). Like a country’s GDP increase translating to greater environmental impacts, an
increase in tourism expenditures will drive greater environmental impacts unless other variables
counterbalance this effect and improve eco-efficiency within clear limits. The variables for tourism
consumption encompass touristic baskets, product and service and resource consumption. This
multidimensional approach, addressing various impacts and product and service types, ensures
robust modelling of the tourism consumption and production system. The model adapts to different
perspectives to address stakeholder actions at diverse scales (Font Vivanco et al., 2014; Lonca et
al., 2019). From these advancements, the approach is applied across different scales in the tourism
industry, using modularity to measure travel packages or their tourism products and services.
From a general standpoint, modularity allows for disaggregating a system into standard
parts (modules) with their associated impacts, forming touristic baskets for various perspectives.
Standardising modules then facilitates their disaggregation, aggregation and reuse to compare
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touristic basket scenarios. To facilitate this, key drivers of eco-efficiency are defined under the
IPAT equation, along with associated multiplicative factors, as shown in Table 1. The volume of
tourists p, identified by vector V, plays a scaling role. The matrices A and B indicate the affluence
(consumption levels) of products and services that compose tourism packages, including night
stays, meals, and hours of activities. These are represented by the quantity g of touristic baskets
consumed per tourist p, and products and services a included per touristic basket g. These matrices
include consumption values that define the distance, duration, and frequency (Y.-Y. Sun et al.,
2020). These products or services require resources, therefore, technology factors (resource
efficiency) within matrices P and R represent resources consumed d per product or service a and
the impacts b per resource consumed d. Then, impact per resource is primarily addressed from an
environmental standpoint, but could also consider social, economic and cultural evaluations. The
types of impacts are further described in the following section. Finally, the characterisation factors
under matrix F group impact b under damage categories j according to life cycle assessment
methods or others that would require such aggregation. From equations (1) to (4) and the key
drivers identified in Table 1, a general form is proposed using a matrix method, as outlined in
equation (5). This general equation provides a flexible and robust process, offering detailed levels
for various applications. It can adapt to multiple contexts such as perspectives, quantities of
tourists, quantities of baskets compared and consumed per tourist, types and quantities of products
and services or resources included, and the types of impact analysed.

Impact = VABPRF (3)

Table 1 Tourism eco-efficiency drivers included in the matrix and their respective tourism factors associated (inspired
by Sun et al. (2020)

Factors Volume  Consumption level (affluence) Resource efficiency  Characterisation

(technology) factor (CF)
Matrix v y B P R F
(or vector)
Parameters [1*1] [1%q] [q*a] [a*d] [d*b] [b*%]
Tourism Tourists Touristic baskets PSs Resources Impacts Damage category CF
u
factors Tourist Touristic basket PS Resource Impact

When studied from the supplier perspective, a g supplier touristic basket is a collection of
products and services among the a market tourism offers made from a collection of d resources
(manufactured or natural). The j impact category per product or service is b impacts per d resource.
For example, the d resources consumed by g hotel, such as energy and water, can potentially
improve eco-efficiency for a night’s stay when choosing alternative energy sources or equipment
to reduce water consumption based on b impacts or j damage categories evaluated. The supplier’s
product or service should be evaluated based on standard functional units agreed upon by the
scientific and practitioner communities to ensure comparability (e.g., per square footage, room,
tourist or dollar for accommodations). From the perspective of a tour operator or tourist, the
touristic basket is modelled as a tourism package comprising various products and services (e.g.,
1 night at hotel “x” “y”, 2 or 3 room.nights, 350 km or 1050 km travel distance by car or train).

CIRRELT-2025-28 13
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Therefore, a tourism package consumes resources through the products and services it provides.
The total impacts per package equal the sum of the impacts from the products and services
provided by suppliers that comprise the tourism package. A vector is used when comparing
multiple package impacts without the scaling factor p. Figure 5 illustrates two tree nomenclature
scenarios applying equation (35). Each scenario is influenced by a specific perspective, representing
a tourism stakeholder. In a matrix, unused resources for a product or service are assigned the value
0, while selected products and services are included in a package. The different impact types
measured are addressed in the following section. Overall, touristic baskets are compared based on
similar experiences. The same package, with additional activities, comfort, and services, may
affect eco-efficiency. Similarly, a supplier's products and services may consume more resources,
resulting in greater environmental impacts for the same type of experience.

Supplier perspective Tour operatar perspective
[Touristic [Towristic
baskel] basket]
"[B]" [P] [R] [1] "[Q]" [B] [P] [R] [F]

Impact

PSi H Resource:

Impact

Impact
category:

Impact:

Impact
category:

Resource:

Impacts

Impact

‘ Package: PS:

PSs Resources

Impact

Resource:

Impact: category:

Impact:

Impact

Impact
category:

Resources

Impact
categorys

Impact:

Resource: Impact

Impact

Resources

Impact

Impact:
pact: categorys

Resource:

Figure 5 Tree nomenclatures for a supplier and a tour operator perspective
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4.2.3 Eco-efficiency impacts and assessment toolsThe ratios used to express eco-efficiency

impacts are numerous, and combining different tools can help address their respective gaps.
The ratios may be described as impacts per resource or product consumed or produced,
such as per function delivered for the experience (per hour of leisure, per night, per km
travelled, meals or calories, etc.), per package, per person, per group of travellers, per
supplier, or per dollar. The life cycle approach considers both direct and indirect impacts
throughout the life cycle of the tourism system being studied, as well as a variety of impacts
to measure eco-efficiency (Filimonau et al., 2013). The life cycle assessment method

Damage on Area of Protection Damage on Area of Concem
(AoP) (AoC)

Human health
(Disability A djusted Life Year)

Ecosystem quality
(Potentially Dissapeared Fraction of species m#2.yr)

Water (quality and

availability, m"3)

Carbane (climate change, kg
€02 eq.)

Resource and ecosystem services (kg and MJ)

IMPACT World+ (Figure 6) includes 21 types of damage indicators from the economic
system’s interactions with the environment, such as climate change damage to human
health and the ecosystem quality, water availability to damage on human health, terrestrial
and freshwater ecosystems, and land occupation damage on biodiversity (Bulle et al.,
2019). This method allows regionalisation of geographic particularities and temporal
resolution of impacts over time, which is particularly relevant for the tourism system
consuming resources from one destination to another.

Figure 6 Environmental damage categories (adapted from Bulle et al. [2019])

To align with the destination-based nature of tourism, Table 2 proposes considering the

combination of resources or products and services consumed from a manufacturing standpoint
(Filimonau et al., 2013) and the specific stages of a service at a destination site (Graedel, 1997).
For an ecolabel scheme, these stages and scopes offer an interesting approach for progressively
applying impact evaluations to tourism offers (from manufacturing or service sectors, as well as
from sub-products and services, to off-site impacts). Given the size and variety of tourism
organisations, these elements can be applied gradually.

Graedel (1997) Filimonau et al. (2013) Scope 1 Scope 2 Scope 3 Scope 4

Service LCA stages Manufacturing LCA stages PS direct PS Sub-PS Time

impacts indirect (Scope (All PS
impacts 1& 2) lifespan)

Site and service development Manufacturing/ Assembly X X X
and service provisioning (e.g., Transport /delivery X X X
equipment)

Performing the service Use /exploitation X X X
Facility operations (e.g., Maintenance/ renovation X X X
maintenance)

Site and service closure Disposal/ end-of-life X X X

CIRRELT-2025-28 15
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Scope 1 represents operations from a travel package component, such as air travel, coach car and hotel. Scope 2 encompasses the indirect
impacts from the life cycle stages of travel package components from manufacturing to end-of-life, beyond scope 1 operations). Scope 3
includes the indirect impacts associated with the elements of travel package components (e.g., life cycle for air travel; fuel, vehicle, airport,
air travel management). Finally, scope 4 considers the temporal dimensions, determining the lifespan of the direct and indirect impacts for
each component of the travel package elements.

Table 2 Adapted from Filimonau (2013) and Graedel (1997), the table presents 4 scopes and 5 life stages to evaluate
the environmental impacts of the tourism sectorn

Then, integrating carrying capacities into the model would require a combination of tools,
as demonstrated by Bjern & Hauschild (2015) or Castellani & Sala (2012), but further
development is necessary. The general equation addresses constant marginal impacts within ranges
where the impact per additional tourism service provider, product, attraction or tourist is
hypothetically the same, and its weight into the carrying capacity “inventories”. To consider
carrying capacities in the model, as outlined in equation (5), thresholds could be included in the
impact matrix.

As done by Schianetz et al. (2007) at the destination level, Table 3 identifies tools (not
limited to) that could potentially evaluate, measure or simulate eco-efficiency for tourism offers.
This paper proposes using life cycle assessment methods to measure tourism eco-efficiency, as a
growing number of life cycle assessment studies are employing this approach. It is compatible
with the IPAT equation to measure eco-efficiency (Font Vivanco et al., 2014) from different
perspectives through modularity (Buxmann et al., 2009; Gadre et al., 2017). It offers extensive
environmental impact assessment (Schianetz et al., 2007) and provides an overview of
environmental trade-offs (Buxmann et al., 2009). Additionally, the combination of assessment
tools addresses shortcomings (Schianetz et al., 2007), benefiting the different perspectives
addressed by the modular equation (5).

Reporting and

Economic tools Flow analysis Environmental tools Multipurpose tools .
compliance
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Table 3 Evaluation tools categories (based on Schianetz et al. (2007) with modifications)

5 DISCUSSION
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The framework application begins by establishing the constitutive parts that define and model the
tourism system from various perspectives, thereby improving the structure of evaluation tools.
This section presents the application of the framework from the perspectives of a supplier and a
tour operator, serving as examples for evaluating two eco-efficiencies using the life cycle
assessment approach. Then, an insight into the framework’s suitability over time and changes in
the ecosystem. A potential modular ecolabelling scheme is then discussed, followed by an outline
of the framework's limitations.

First, defining the dimensions for the eco-efficiency measurement from a particular
perspective initiates the application of the framework for an impact evaluation between the
production and consumption of tourism activities. This includes considering scale, temporal and
scoping dimensions to be studied for alternative eco-efficiency solutions, such as for tourism
suppliers in a specific city, for prospective scenarios over the technosphere and ecosphere scopes.
Then, when modelling the supplier perspective, as depicted in Figure 3, the system’s model
perspective defines itself in a logical sequence. Generally, suppliers select resources to create
tourism offers (products and services) which are eventually integrated into tourism packages. Their
tourism offers are represented by touristic baskets (matrix B) that can be compared with other
baskets comprising alternative resources (e.g., different energy source options for a hotel) before
being offered on the market. The model enables suppliers to mix and match resources that best
align with their eco-efficiency objectives. Stakeholders control the eco-efficiency performance of
their touristic basket by modelling alternatives based on impacts per resource or resource per
product or service. Matrices P and R in Table 1 and Figure 5 guide the selection of resources
based on impacts with rigour and structure, specifying what is included for the alternatives. For
instance, the proposed example compares two 3-night packages for a single tourist in a city. A
hotel room is a service provided by a supplier, comprising resources such as infrastructure, energy
(fossil or renewable), water, and maintenance consumables. The hotel selects the resources based
on the eco-efficiency performance to compose its touristic basket (service) before commercialising
it. Each offer consists of different resources and eco-efficiency performance. From the tour
operator’s perspective, the eco-efficiency performance of accommodation options for two 4-day
packages (touristic baskets) is compared (Figure 7). Other perspectives, such as the government’s
touristic basket, could include the impacts of government services or resources consumed by
tourism industries. This framework offers a variety of applications and interventions at different
geographic or economic scales to improve, for example, a destination’s label
performance.Following the modelling and the environmental impact assessment using life cycle
assessment tools (appropriate for this example), equation (5) is applied to obtain eco-efficiency
performances per visitor for each impact category (Figure 7). The framework’s modularity then
structures information and adjusts the content of touristic baskets, facilitating the measurement of
eco-efficiency. Each basket comprises products, services, or resource modules, each with specific
attributes and characteristics that influence eco-efficiency measures. From a practical standpoint,
an individual label could be created for every module, aligning with the modularity concept
proposed by ISO 14025:2006 (International Organization for Standardization, 2006). This
framework could thus serve certifying organisations across various markets by providing eco-
efficiency performance information to improve decision-making from different perspectives.
Existing labels tend to be modular, including levels of certification with compliance points (e.g.,
LEED) or reporting categories of specific impacts such as GHG emissions (GHG Protocol). By
breaking down complex tourism systems and standardizing the measurement approach—as
formalized in Equation (5)—modularity facilitates the assessment of eco-efficiency. Then,
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combining the LCA method with Equation (5) provides a structured basis for qualifying type III
ecolabels, thereby supporting informed choices by tourism stakeholders.

As the tourism industry transforms and evolves, the framework is meant to reflect these
changes through its flexible and modular representation. Example of changes over time or in the
tourism ecosystem are the industry transformations (e.g., virtual tour, collaborative platforms),
behaviours (e.g., longer stays), technological innovations (e.g., Al recommendations systems,
smart infrastructure, renewable energy), and evolving governance (e.g., policy and regulation) and
scientific evaluation tools (provide precision or new ways to evaluate impacts). The framework
enables the anticipation and measurement of outcomes from different perspectives, scales, and
transformations by modelling the system, accounting for these changes - reflected through
increases, reductions, or substitutions in production and consumption in the general equation. The
framework also supports more informed, effective, flexible, and adaptive sustainable decision-
making by structuring tourism ecosystem information, defining, and measuring the impact of new
trends on ecological, social, and economic outcomes.

Just as indicators used in tourism to evaluate its sustainability are influenced by specific
socio-spatial context and scales (Torres-Delgado & Saarinen, 2013), the framework allows
modelling different scales depending on the perspective considered and defining various
dimensions. From these models, building scenarios involves integrating diverse concerns and
engaging with experts, tourism actors, and local communities. The framework identifies elements
that require further development and consultation with the industry stakeholders in future research,
such as evaluation tools, carrying capacity, stakeholder implications and social and cultural
impacts. Although studies tend to focus on specific issues, in reality, they are often related or
interdependent (Fernandes Martins et al., 2022); therefore, studies should consider evaluating
multiple impacts for a comprehensive assessment. This framework anticipates this need.
Operationalising the framework would benefit from real case studies to validate and improve its
application across different perspectives and tools. The assessment tools presented in Table 3
should be reviewed to specifically guide their use and combinations for tourism perspectives, as
done by Schianetz et al. (2007) to assess tourism destinations.

Regarding carrying capacities, this study is situated within a range of constant marginal
impacts with thresholds; however, further research should consider the non-linearity of tourism
systems. For example, examining how capacity levels influence environmental impact results,
such as low impact offers entering a saturated market with limited carrying capacities.
Furthermore, improving eco-efficiency can positively impact environmental carrying capacity
while also potentially exacerbating other carrying capacity issues simultaneously. This rebound or
backfire phenomenon should be investigated to avoid impact displacements. Other questions
remain, such as the effect of measured ecolabels on consumption habits while increasing their
reliability and credibility, as well as the impact on the industry’s profitability and data accessibility.

Finally, integrating the proposed framework with a labelling scheme without
overwhelming the industry is a challenge. Tourism ecolabels are abundant in the market, and
building on existing ecolabels to achieve greater sustainability in the tourism industry will require
additional evaluation and measurement tools to identify needed improvements and communicate
progress robustly and accurately. The Global Sustainable Tourism Council has been consolidating
consulting efforts for the industry by establishing basic criteria for tourism stakeholders; however,
further work is needed to evaluate these measures. To meet these challenges, the framework seeks
to offer the flexibility the tourism industry needs to achieve greater sustainability through
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modularity, one module at a time, as a tool to engage stakeholders and scholars around common
grounds.
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Figure 7 Example comparing two 4-day packages to demonstrate the use of modularity visually, and applied with

the general equation (5)
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6 CONCLUSION

The complex nature of tourism calls for adaptive sets of indicators tailored to destination
characteristics, the interactions shaping the tourism system, and stakeholders’ scope of action to
improve sustainability. This adaptability extends to eco-efficiency measures of resource
production, consumption, and ecolabels, which vary based on the context and perspectives across
the tourism supply chain. Each stakeholder (perspective) controls a scope of action and addresses
issues proportional to their capacity to act. However, collectively, within the tourism system, each
action contributes to a greater objective. Similarly, Purwaningsih et al. (2020), Torres-Delgado &
Saarinen (2013), and Costa et al. (2024) emphasise the necessity of involving a variety of
stakeholders to implement actions at all levels for sustainable tourism. The modular approach was
studied as an option to improve structure, standardisation and robustness for modelling tourism
sustainability evaluation and measurement. Modularity structures and breaks down tourism
systems into standard modules that can be assembled on demand to fit each stakeholder’s needs,
enabling the study of the tourism system model according to evolving sustainability needs,
characteristics, and appropriate evaluation tools, as well as a variety of perspectives.

The need to adapt measurement to the application and context is essential in tourism.
Consequently, this study proposes a modelling framework adaptable to tourism stakeholders
(multiperspective) and context (dimensions) to study sustainable tourism performance in a holistic,
structured, flexible, and systemic way through modular modelling. The application of two
perspectives provides examples (scenarios) to construct a visual model and calculate its eco-
efficiency based on a set of impact categories and variables. Once established, a module structure
can be reused in another scenario, allowing for the mixing and matching of modules to compare
alternative tourism models with varying resource consumption or production. The framework
proposes a progressive and standardised approach for various purposes, such as ecolabel
applications, with an appropriate architecture that enables the combination of modules, updates,
and adaptation to new needs and contexts for different stakeholders or purposes.
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