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Abstract 12 

Europe’s ambitious climate goals highlight the importance of combining energy policies with 13 

technological decarbonization; however, these efforts alone may not achieve the necessary 14 

emissions reductions. Existing models for low-carbon transitions often focus on technological 15 

interventions, without fully integrating the decarbonization potential of behavioural shifts 16 

towards sufficient consumption. A comprehensive model that incorporates both sufficiency and 17 

technological measures, with realistic adoption rates for sufficiency actions, is essential to 18 

effectively evaluate climate targets’ feasibility. This study introduces a multi-regional, multi-19 

sectoral model, based on an input-output framework, to quantify the decarbonization impacts 20 

of sufficiency measures on greenhouse gas (GHG) emissions, Gross Domestic Product 21 

(GDP), and employment under European Union (EU) specific scenarios through 2050. The 22 

model evaluates six sufficiency measures: reductions in air travel, personal living space, and 23 

vehicle size; increased product and space sharing; greater cycling adoption; and a shift toward 24 

plant-based diets. Combined, these measures may reduce EU annual GHG emissions by up 25 

to 13%, yielding global cumulative savings of 13.8 Gt CO₂eq by 2050, while having moderate 26 

first-order effects on GDP and employment. However, most of the emissions reductions stem 27 

from dietary changes and reduced air travel, while other measures – such as car downsizing 28 

and cycling – show limited effects due to their dependence on concurrent projected 29 

electrification and decarbonization of the energy system. The findings indicate that dietary 30 

changes and reductions in air travel provide the most substantial and resilient emissions 31 

reductions, making them critical priorities for policy support. 32 

1. Introduction 33 

The ambitious climate commitments adopted by Europe to deal with climate change invokes 34 

for the definition and application of appropriate policies. Understanding how to achieve a 35 

balance between mitigation and adaptation measures, particularly in terms of minimizing both 36 

the costs of climate-related damages and those of the mitigation policies themselves, is 37 

essential. In fact, European policy makers are having difficulties fulfilling their climate goals by 38 

decarbonizing the energy supply chain [1]: changes in lifestyle may provide a complementary 39 

contribution towards decarbonization of the economic system [2,3]. 40 
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In this context, sufficiency is defined as a set of social, infrastructural, and regulatory 41 

conditions to enable individual and collective lifestyles transformation of households’ 42 

behaviour, with the final aim of reducing energy demand and related Greenhouse Gases 43 

(GHG) emissions, while simultaneously contributing to societal well-being. 44 

The objective of this study is to quantitatively assess the contribution that a set of sufficiency 45 

measures applied at the households’ level may potentially bring in reducing overall GHG 46 

emissions directly and indirectly caused by each individual country of the European Union at 47 

27 members (EU) region in future decarbonization scenarios. Specifically, potential changes 48 

in GHGs emissions, Gross Domestic Product (GDP) and employment induced by sufficiency 49 

policies are quantified as proxies of the environmental, economic and social dimensions of 50 

sustainability, respectively. 51 

The rest of this article is structured as follows: section 1 concludes with a literature review on 52 

sufficiency modelling and its quantitative assessment. Section 2 outlines the materials and 53 

methods used in the study, which form the basis of the model. Section 3 explains the data and 54 

how they define the scenarios. Section 4 presents the results of the analysis. Finally, section 55 

5 discusses the findings and provides conclusions. 56 

1.1. Literature review 57 

Sufficiency, aimed at reducing demand via shifts in consumption behaviours, complements 58 

efficiency measures but requires policy support for broad adoption [4]. Research categorizes 59 

sufficiency into four main areas – absolute reduction, modal shifts, product longevity, and 60 

sharing – across housing, nutrition, mobility, and miscellaneous [5].  61 

Dietary shifts, especially reduced meat consumption, are significant in lowering GHG 62 

emissions. Studies indicate that aligning meat intake with nutritional guidelines could cut 63 

emissions from meat production by half, while modelling of zero food waste, lower calorie 64 

intake, and vegan diets suggests a possible 21% reduction in carbon footprints [6,7]. A recent 65 

analysis finds that reducing meat intake to healthy levels and avoiding ruminant meats could 66 

nearly halve food-system GHG emissions by 2050, with communication linking dietary 67 

changes to flight-equivalent emissions resonating with consumers [8]. Furthermore, models 68 

incorporating sustainable lifestyles, like plant-based diets and local economies, highlight the 69 

contribution of sufficiency-oriented lifestyles toward UN SDGs on responsible consumption, 70 

also adopting Environmentally Extended Multi-Regional Input-Output (EE-MRIO) model based 71 

on the EXIOBASE database [9] [10]. 72 

Sufficiency-driven changes in lifestyle, particularly in mobility and housing, are essential to 73 

achieving policy targets for emission reductions and energy security [11]. Studies using EE-74 

MRIO models show that shifts like increased cycling and co-housing can significantly reduce 75 

emissions, with impacts varying widely across urban contexts [12]. Tailored policies and 76 

supportive infrastructure are thus crucial to enable adoption on a broad scale [13–15]. 77 

Integrating sufficiency into energy models is essential for capturing its impacts across sectors 78 

and regions, with studies highlighting the importance of embedding it within broader 79 

sustainability frameworks – also adopting EE-MRIO – to assess its role alongside efficiency 80 

and consistency [16–18]. Research also suggests an energy consumption threshold, beyond 81 

which additional use offers minimal well-being gains, positioning sufficiency as key for 82 

sustainable energy strategies [19]. However, achieving the needed temporal and regional 83 

granularity for long-term sufficiency impacts remains a challenge [20,21]. 84 
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Although current research confirms the importance of sufficiency in reducing emissions, few 85 

studies offer a comprehensive, long-term quantitative framework that assesses 86 

environmental, economic, and social impacts in unison. Additionally, while some research 87 

explores individual sufficiency measures, such as dietary shifts or changes in mobility, limited 88 

evaluation exists on the combined effects of these measures within future decarbonization 89 

scenarios.  90 

Recent research using ecological macroeconomic models has highlighted the complex 91 

relationship between decarbonization, economic systems and social outcomes. D'Alessandro 92 

et al. use their EUROGREEN model to show that while green growth policies can reduce 93 

emissions, they can exacerbate inequality and unemployment, while degrowth scenarios 94 

achieve greater environmental and social benefits despite higher public deficits [22]. Similarly, 95 

Nieto et al. use their MEDEAS-Europe model to challenge conventional assumptions about 96 

the energy transition, finding that achieving the EU's Energy Roadmap 2050 targets within a 97 

growth-oriented framework could limit economic development due to energy constraints [23]. 98 

Both studies converge on a critical insight: only scenarios that fundamentally rethink growth 99 

paradigms through reduced working hours, structural economic shifts and pro-worker policies 100 

can successfully reconcile climate goals with social welfare, suggesting that comprehensive 101 

sufficiency measures must be an integral part of effective climate policy. 102 

Cap et al. examine the limits of industrial decarbonization in reducing household carbon 103 

footprints to levels compatible with the 1.5°C target. Using a scenario model for 49 countries 104 

(with a focus on the EU27), they find that while technological changes can lower emissions, 105 

they are insufficient alone to reach 1.5°C targets without lifestyle shifts [20]. Costa et al. 106 

investigate the impact of lifestyle changes on Europe’s decarbonization efforts, revealing that 107 

behavioural modifications can contribute over 20% of the GHG emission reductions needed 108 

for net-zero targets by 2050. The most important conclusion is that without incorporating 109 

lifestyle changes, Europe will heavily rely on carbon removal technologies to meet its climate 110 

goals [21]. Zimmermann evaluates the environmental savings potential of sufficiency, 111 

consistency (i.e. using sustainable resources like circular materials and renewable energy), 112 

and efficiency measures in the European building sector using the EUCalc tool. Key results 113 

show that sufficiency measures can reduce greenhouse gas emissions by 16%, while 114 

efficiency and consistency measures can achieve reductions of 31% and 22%, respectively. 115 

The most effective sufficiency measure identified is the reduction of living space per capita. 116 

[16]. Bauer and Sterner examine the impacts of lifestyle changes on energy demand and 117 

greenhouse gas emissions in Germany. Using an energy system model, the study shows that 118 

it is possible to reduce final energy demand by 61% in 2050 relative to 2019 levels through a 119 

combination of technological measures and lifestyle changes, while saving 71 billion euro in 120 

2050 [17]. 121 

The prevailing literature suggests the necessity for comprehensive models that integrate 122 

sufficiency measures within climate impact assessments, particularly with multi-sectoral and 123 

multi-regional perspectives. Only a limited number of studies attempt to conduct quantitative, 124 

long-term assessments of the environmental, economic, and social impacts of the proposed 125 

policies. Some of these studies, which are summarized in Table 1, adopt approaches that are 126 

somewhat comparable to this study. These studies highlight sufficiency's potential for 127 

emissions reduction, often focusing on actions like dietary shifts or mobility changes but rarely 128 

within broader decarbonization scenarios. This research advances the field by using an EE-129 

MRIO model in a European energy transition context through 2050. With global scope and 130 

detailed EU27 country-level disaggregation, it captures sufficiency’s regional and temporal 131 

impacts. Unlike prior work, this multidimensional framework assesses individual sufficiency 132 
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measures across environmental, economic, and social indicators, offering more precise 133 

insights for policymakers.134  1 
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Table 1 – Literature review of articles including sufficiency measures in energy system modelling. 135 

  Model characteristics Model application and input data Model results 

Authors Year Model name Modelling 
approach 

Modelling 
Technique 

Target year vs 
transition (time 
period) 

Spatial resolution Sufficiency 
measures 

Sufficiency 
Measures 
estimation 
method 

Input data Dimension
s 

Indicators 

[10] 2019 EE-MRIO Top-Down Input-Output Deviation with 
respect to 
baseline (2007) 

Europe with global 
supply chains (43 
countries and 5 
rest-of-world 
regions) 

19 Participatory 
backcasting 
workshops 

EXIOBASE2 
database 

Environmen
t 

Carbon footprint, Human 
toxicity potential, Land 
footprint and Water 
footprint 

[21] 2021 EUCalculator Integrated 
assessment 
model 

Simulation Transition (2020 
- 2050) (1 year, 
results provided 
every 5 years) 

EU27 + UK and 
Switzerland 
(EU27+2), with 
capability for 
country-level 
analysis (but only 
aggregated results 
are provided) 

4  Literature 
review and 
expert 
consultations 

EU's Long 
Term Strategy 
(LTS) Baseline 
scenario 

Environmen
t, Energy 

GHG emissions, Energy 
demand 

[16] 2022 EUCalculator Integrated 
assessment 
model 

Simulation Transition (2020 
- 2050) 

EU27 + UK and 
Switzerland (but 
only aggregated 
results are 
provided) 

27  EUCalc 
(Highest 
ambition) 

EUCalculator Environmen
t, Energy 

GHG emissions, 
renewable & non-
renewable energy 

[24] 2022 AnyMOD Bottom-Up Linear 
programming 

Target year 2035 Germany 44 grouped 
into sections 
of 
conventional 
electricity, 
mobility and 
heat. 

Literature Time series 
from 
openENTRAN
CE project, 
technology 
cost 
assumptions, 
renewable 
energy 
potential 

Economy, 
Energy  

Total costs, energy 
demand, production and 
storage capacities 

[25,26] 2022 EnergyPlan Bottom-up Simulation 
(heuristic) 

Target year 2030 
(vision to 2050) 

Denmark 6  Literature 
review 
Survey data 
Bottom-up 
calculations 
from CACTUS 
project 

National 
energy 
statistics 
Household 
survey data 
Technical 
parameters 
from literature 
CACTUS 
project 
assumptions 

Environmen
t, Energy, 
Economy 

Primary energy use 
(PJ/TWh), Fossil fuel use 
(PJ), CO2e emissions, 
Energy system costs, 
Final energy demand, 
Installed capacity, 
Energy production mix 

[27] 2023 PyPSA-Eur Bottom-up Linear 
programming 

Transition (2020-
2050) 

5 interconnected 
European 
countries (Belgium, 
France, Germany, 
Netherlands, and 
Great Britain) 

 7  Based on 
CLEVER 
scenario 
assumptions 

Different 
databases: 
JRC-IDEES, 
Eurostat,  
CLEVER 
project,  

Environmen
t, Economy 

Total annual system 
costs (€/year) 
Grid expansion 
requirements (GW) 
Installed capacities (GW) 
Energy demand by 
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CORINE land-
use database, 
Danish Energy 
Agency,  
ENTSO-E  

sector (TWh) 
CO2 emissions (Mton/y) 
Investment costs by 
technology (€/year) 
Storage requirements 
(TWh) 

[28]  2024 Simplified 
Energy 
Prospective and 
Interterritorial 
Analysis 
(SEPIA) tool 

Bottom-up Not specified Transition (2019 
- 2050) 

European level 
(EU30: EU27 plus 
UK, Norway and 
Switzerland) with 
country-level detail 

15  Based on 
CLEVER 
scenario 
assumptions 

Collaborative 
Low Energy 
Vision for the 
European 
Region 
(CLEVER) 
scenario 

Energy, 
Environmen
t 

Final energy 
consumption 
(MWh/cap), GHG 
(CO2eq) 

[17] 2025 Energy system 
model by 
Research 
Centre for 
Power Networks 
and Energy 
Storage (specific 
name not 
provided) 

Bottom-up Linear 
programming 

Transition 2019 - 
2050 (1 year, 
resolution 1 h) 

Germany 11  Literature GHG emission 
factors for 
fuels, industrial 
processes, 
industrial 
products, 
waste 
quantities and 
agricultural 
parameters 

Environmen
t, Energy 
and 
Economy 

GHG emissions, Final 
energy demand, Total 
system costs 

[22] 2020 EUROGREEN Integrated 
assessment 
model 

System 
dynamics, 
ecological 
macroeconom
ics model 
using IO tables 

Transition (2014-
2025)  

France Varies (e.g., 
reduced 
consumption
)  

Authors 
analysis  

Eurostat, EU 
KLEMS, WIOD 

Environmen
t, Economy, 
Social  

GHG emissions, GDP, 
Employment, Gini index 

[23] 2020 MEDEAS-
Europe 

Integrated 
assessment 
model 

System 
dynamics, 
ecological 
macroeconom
ics model 
using IO tables 

Transition (2015-
2050)  

EU and Rest of the 
World 

Varies (e.g., 
reduced 
consumption 
and worked 
hours)  

Authors 
analysis  

EU KLEMS, 
WIOD 

Environmen
t, Economy  

GHG emissions, Total 
primary energy supply, 
GDP, Employment 

This work - EE-MRSUT 
model built using 
MARIO [29] 

Top-Down Input-Output Transition (2020 
- 2050)  

Global with focus 
on EU27 (with 
capability for 
country-level 
analysis) 

6 (Diets, 
Flying less, 
Moderate car 
sizing, 
Cycling 
more, 
Sharing 
spaces, 
Sharing 
products) 

Focus groups 
and survey and 
other input 
from CLEVER 
scenario 
(négaWatt 
Association, 
2023) 

Exiobase 
v3.3.18 hybrid-
units 

Environmen
t, Economy 
and Social 

GHG emissions, GDP, 
employment 
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2. Materials and methods 137 

This chapter outlines the methodological approach used to assess the impact of sufficiency 138 

measures implemented in the European Union (EU) up to 2050. The model was developed 139 

based on the Leontief’s Input-Output analysis framework [30,31]. Manipulation of the datasets, 140 

construction and solution of the mathematical model were performed through Multi-functional 141 

Analysis of Regions through Input-Output (MARIO), an open-source Python package [29]. 142 

2.1. Input-Output modelling framework 143 

This study employs a model based on Environmentally-Extended Multi-Regional Supply and 144 

Use Table (EE-MRSUT in the following). It is grounded on Leontief’s Input-Output analysis, a 145 

widely adopted (see section 1.1) analytical framework to capture the interdependencies within 146 

all sectors of the economy, allowing for the evaluation of both direct and indirect effects due 147 

to changes in final demand or technologies’ structure. 148 

Indeed, several studies have highlighted MRIO models to derive appropriate carbon footprint 149 

estimates based on consumption-based accounting frameworks [32,33]. The EE-MRSUT 150 

model employed in this paper is grounded on national economic and environmental accounts, 151 

and it consists of a set of linear algebraic equations that enables to quantify products and 152 

services supplied, traded and consumed within a cluster of national economies, and the 153 

related environmental consequences [30]. 154 

With reference to Figure 1, the supply (𝐒) matrix allocates data about the production of 155 

commodities by industrial activities, while the use (𝐔) matrix traces the commodity inputs 156 

required by each industry to produce its output(s). The final demand of commodities by 157 

households and other economic agents is represented in the 𝐘 matrix. The total demand of 158 

commodities vector (𝐐) is derived by summing intermediate transactions traced in 𝐔 and 𝐘. 159 

The total supply of industrial activities can be calculated by summing all the outputs of each 160 

activity. From these matrices, coefficients matrices are derived (s, market share matrix and u, 161 

v and e matrices of specific use of commodities, factor of production or satellite accounts 162 

respectively) adopting an industry-based technology assumption, which means that all 163 

products produced by an industry are made using the same technology, regardless of the 164 

specific product mix (Figure 1).  165 

The implementation of sufficiency measures in the I-O framework primarily – but not 166 

exclusively – involves modifications to final consumption vectors (𝐘) across regions and 167 

sectors. These modifications depend on the specific sufficiency measure being modelled. For 168 

diets, private car transportation and heating measures, the model introduces specialized 169 

sectors, allowing for granular analysis of dietary, mobility and heating patterns, explicitly 170 

modelling specific requirements and technology penetration. When a specific scenario is 171 

active, the technical coefficients are adjusted accordingly – for example, modifying fuel 172 

consumption rates per kilometre when shifting to smaller or vehicles. This represents how 173 

specific scenarios influence not only final consumption patterns (through the 𝐘 matrix) but also 174 

the underlying production technologies’ input requirements (through the u matrix) and market 175 

shares (through the s matrix), capturing the dual impact of behavioural and technological 176 

changes within the economic system. To effectively model the sufficiency measures, several 177 

new commodities were added to the framework (i.e. Heating services, measured in kWh; 178 

Housing services measured in m²; Car mobility measured in km, and Meals in unit quantities). 179 

Additionally, new activity sectors were introduced to the model: one for each type of diet, one 180 

for each type of vehicle powertrain and one for each residential heating technology. The 181 

quantities and specific sectors affected vary by measure and are detailed in subsequent 182 
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sections where each sufficiency action is discussed. Readers are directed to the 183 

supplementary material for a detailed technical description of the model's equations (also 184 

reported in Figure 1) and their underlying assumptions, while all modifications are fully 185 

documented in the open-source GitHub repository for complete transparency and 186 

reproducibility.187 

 188 

Figure 1 – Mathematical structure of the input-output framework adopted in this research: a) the original EE-MRSUT 189 
is adopted and total production by activities and commodities are computed b) matrices of coefficients are 190 
computed adopting an industry-based technology assumption c) shock on coefficient matrices and final demand is 191 
performed c) flow matrices are computed and represent the results of each run – defined by each scenario and 192 
year –  of the model. 193 

The EE-MRSUT model is built on the Leontief production function, which assumes fixed input 194 

coefficients to produce goods and services. This allows for the calculation of total (direct and 195 

indirect) requirements to meet a given final demand. To simulate dynamic changes over time, 196 

the model was run at 5-year intervals from 2020 to 2050, inclusive. For each period, the input-197 

output coefficients and final demand vectors were updated. However, these updates were 198 

limited to specific sectors and parameters directly affected by the sufficiency measures and 199 

energy transition scenarios, while the rest of the economic structure remained constant. 200 

2.2. Scenario analysis: method and core assumptions 201 

Scenario analysis is performed based on the so-called ceteris paribus principle. In essence, a 202 

Reference scenario is defined by setting yearly products’ demand and by imposing structural 203 

technology changes (such as change in renewables penetration in the power sector), leaving 204 

the rest of the production system unchanged (baseline condition). The measures under 205 

investigation are then collected into a set of Sufficiency scenarios, where each measure is 206 

introduced as a deviation with respect to the Reference scenario, hence assessing their impact 207 

compared to the scenario assumed as the baseline. A more detailed list of scenario 208 

assumptions is included in sections 3.2, 3.3 and 3.3.1. 209 

In essence, the Reference scenario includes sector-specific changes that are more relevant 210 

in the assessment of energy transition: (1) Growing final demand by product, region by region; 211 
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(2) electrification of final energy uses, in residential transport and heating sectors; (3) 212 

decarbonization of the power sector. The impact of each measure is determined by the net 213 

variation in the input-output model's results for a certain year, comparing indicators between 214 

the Reference scenario and the corresponding Sufficiency scenario. 215 

Due to the intrinsic nature of the adopted modelling framework, some remarks are needed. In 216 

general, the impact of the analysed scenarios is not considering eventual spillover effects, 217 

highlighted for instance by Sorrel et al. [34], induced by the assumed structural changes, as 218 

well as any other macroeconomic and social response mechanism. For example, sufficiency 219 

scenarios generally lead to a reduction in economic activity, hence generating households’ 220 

savings which could be reinvested in other sectors, generating further impacts (e.g. savings 221 

on utility bills might be used by a household for additional travel). Accounting for such effects 222 

would have implied relying on more sophisticated approaches, such as Computable General 223 

Equilibrium (CGE) or Stock-Flows-Consistent (SFC) models [35], grounded on further 224 

underlying theoretical assumptions and data requirements lying beyond the scope of this 225 

study.  226 

3. Data input 227 

The model described in the previous chapter can be powered by various input data and initial 228 

input-output tables. This section outlines the data used to feed the model for the case study 229 

under consideration. Details can be explored in the code repository of this study at 230 

https://github.com/SESAM-Polimi/FULFILL_MARIO. 231 

3.1. Empirical economic and environmental accounts 232 

The study is grounded on the Exiobase v3.3.18 hybrid-units input-output database, adopted 233 

in its supply-use version [36]. The database has a rich regional and sectoral coverage, 234 

encompassing 43 countries (including all the EU member states and their main trade partners) 235 

plus 5 closing Rest of the World regions (Rest of America, Asia, Middle East, Africa and 236 

Europe), 200 commodities and 164 industrial activities, depicting global economy of 2011. The 237 

database includes environmental extensions, covering a multitude of satellite accounts 238 

ranging from emissions of GHGs and other local pollutants, to water, primary energy and land 239 

consumption, to other social dimensions such as employed people. 240 

The following indicators have been assumed as proxies for the environmental, social and 241 

economic dimensions: 242 

• Greenhouse Gas Emissions (GHGs, in tonnes of CO2 equivalent, using Global 243 

Warming Potential over a 100-year period: GWP100) 244 

• total employment (in thousands of workers) 245 

• Gross Domestic Product (GDP, in constant 2011 euros) 246 

Beside the high sectoral disaggregation and the coverage of all EU regions, the database has 247 

the significant benefit of defining transactions of energy-related products in physical units: 248 

considering the yearly dynamics of the model, this feature allows to get rid of the numerical 249 

distortions due to changes in prices of commodities.  250 

Despite these advantages, the database lacks an explicit representation of residential 251 

consumption categories, which are crucial for accurately modelling consumer diets, energy 252 

use in homes (particularly for heating), and private car usage. Therefore, such categories have 253 

been explicitly introduced in the original database, and the related technical coefficients (e.g., 254 

vehicles’ efficiencies and stock shares) were characterized. A detailed description of the 255 

approach adopted to prepare the database for scenario analysis, including assumptions and 256 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



a complete list of sectors and regions is provided in Supplementary Material and in the code 257 

repository.  258 

3.2. Extending input data through countries clustering 259 

Both the input data used to define the background changes, and the changes introduced by 260 

sufficiency measures have been collected for five key countries: Italy, Latvia, Germany, 261 

France, and Denmark. The data for the remaining 22 countries were derived by adapting the 262 

input data for the five key countries to population specifics through a clustering methodology. 263 

Exceptions were made for certain input data that are not easily treated in this manner. For 264 

instance, the demand for private car transport services in Gvkm for each country from 2025 to 265 

2050 was sourced from EUROSTAT [37]. 266 

To analyse sufficiency scenario and evaluate their impacts on lifestyle, energy consumption, 267 

and climate in EU 27 member states, this study introduces a clustering approach. While not 268 

all local nuances can be captured by grouping different regions, this clustering method 269 

specifically incorporates socio-economic, infrastructural, and cultural factors that enable or 270 

constrain sufficiency implementation across different national contexts. The detailed 271 

assessment of these five diverse countries – spanning Northern, Southern, Eastern, and 272 

Central Europe – provides crucial insights into how sufficiency measures interact with varying 273 

cultural norms, traditional living patterns, and infrastructure readiness. The methodology 274 

employs K-means clustering at the European level, supplemented by elbow and silhouette 275 

score techniques to determine the optimal number of clusters. A constraint was imposed on 276 

the K-means algorithm, known as "seeding," where the five key countries were pre-assigned 277 

to different clusters, setting the initial centroids. The clustering model is applied to identify EU 278 

countries with similar consumption patterns and lifestyles, grouping them into clusters. For 279 

instance, in a clustering analysis based on dietary habits, specifically focusing on vegetable 280 

and meat consumption across the EU nations, countries exhibiting similar consumption 281 

patterns may be aggregated into the same cluster. To gain insights into each EU country's 282 

lifestyle and living standards, five clusters (designated as clusters 0-4) are created. This 283 

approach aids in identifying similar consumption patterns of sufficiency scenario across EU 284 

member states. The elbow method is a heuristic technique used to identify the optimal number 285 

of clusters (k) in a dataset. It involves plotting the Within-Cluster Sum of Squares (WCSS) or 286 

the distortion for different values of k, typically ranging from 1 to some maximum number of 287 

clusters. 288 

In the description of the data used in each data instance on section 3.3, the application of 289 

clustering is referenced according to the previously outlined methodology, to extend data input 290 

to all EU. This approach is applied on a case-by-case basis to the most suitable dataset, 291 

ensuring that each country is assigned to its corresponding cluster. 292 

3.3. Scenarios description 293 

In this section, the changes in the inputs that informed the model presented in the methodology 294 

are described. Specifically, these changes focus on two fundamental aspects of the modelling 295 

exercise: 296 

1. Background changes: this part outlines the projected changes in the energy system 297 

and economy over the study period. 298 

2. Sufficiency measures: this subsection details the selected measures and their 299 

implementation in the model. 300 

The combination of these two elements defines all scenarios modelled over the 2020-2050 301 

timeframe, as specified by the project scope. The section provides a comprehensive overview 302 
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of the data and assumptions underlying the analysis, enabling readers to understand the basis 303 

for the subsequent results and conclusions. 304 

3.3.1. Background changes 305 

Reference scenario 306 

This section defines the background conditions underpinning the sufficiency measures 307 

analysed in this study, focusing on the role of decarbonisation in the power sector and the 308 

electrification of private vehicles and domestic heating systems. The aim is to assess the 309 

extent to which these technological advancements influence the effectiveness of sufficiency 310 

measures.  311 

A main background evolution scenario is considered: a Reference scenario, reflecting current 312 

trends in electrification and decarbonisation. To ensure that these evolutions are 313 

representative of the entire European context, input data from the five main countries is 314 

extended to other EU nations using a clustering approach, thereby capturing diverse national 315 

trends in transport and heating systems. Unlike approaches that maintain static technology 316 

shares, our Reference scenario deliberately incorporates technological evolution in line with 317 

observed market trends and existing policies, enabling a more realistic assessment of how 318 

sufficiency measures complement ongoing sectoral transitions. This methodological choice 319 

enriches the traditional business-as-usual paradigm with contextually relevant sectoral 320 

dynamics, while maintaining the assumption of no significant changes in lifestyle or 321 

consumption patterns. In fact, it does include ongoing technological advances, such as the 322 

electrification of the transport sector and the decarbonisation of the power grid. The Reference 323 

scenario serves as a baseline for evaluating the impact of sufficiency measures. All results 324 

presented in section 4 are expressed as deltas from this Reference scenario for each 325 

corresponding year, isolating the specific contributions of sufficiency measures within the 326 

evolving technological landscape. 327 

To reflect the main actions towards energy transition, the following changes have been 328 

implemented in the database for each year: (1) projecting prospective future demand of goods 329 

and services by region; (2) projecting the expected structural technology changes – that may 330 

vary in different background scenarios – in the residential heating, transport and power sector 331 

(see next subsections). 332 

Regarding the first item, the economic growth projections with GDP forecasts is crucial. It 333 

recognizes expanding economic activity and consumption volumes. This approach ensures 334 

sufficiency measures are evaluated against a growing economic base, avoiding 335 

underestimation of their potential impact and benefits in a dynamic economy. The modelling 336 

of changes in final demand adopts data from the OECD's long-term projections for GDP and 337 

population growth across EU member states [38]. The projected growth in final consumption 338 

reflects expected growth in GDP of all EXIOBASE region, with adjustments for future changes 339 

in economic activity and consumption patterns when a sufficiency measure is active in the 340 

scenario. 341 

Business-as-usual scenario 342 

A Business-as-usual scenario that includes only the evolution of final demand – without 343 

considering the expected changes discussed in the following sections of this chapter  – has 344 

been modelled. This scenario is intended only to highlight the importance of evaluating 345 

sufficiency measures without the assumption of a static energy system. 346 

Residential heating and transport evolution 347 
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The model's data on energy efficiency improvements and technology penetration rates are 348 

primarily derived from the FULFILL project, which in turn draws extensively from the 349 

comprehensive dataset developed in the CLEVER project [39,40]. Several key data sources 350 

were utilized. Eurostat was chosen as the preferred database when relevant data were 351 

available, ensuring statistical consistency across countries and official validation. When 352 

Eurostat data were insufficient, the Odyssée-MURE database [41] was employed, offering 353 

comprehensive information on demand by energy vector and sector for European countries. 354 

Additionally, national sources provided by project partners and data from the FULFILL project's 355 

Task 3.1 survey were used to supplement and cross-check the primary sources [42]. 356 

For residential heating and transport specifically, the model integrates data on energy use per 357 

square metre, vehicle kilometres (vkm) travelled, and technology market shares, including the 358 

penetration of electric vehicles (EVs) and heat pumps (see Figure 2). These data were 359 

collected for five key countries, with consistency checks performed across various sources to 360 

ensure robustness and alignment with official statistics. 361 

 362 

Figure 2 – Residential heating stock and passenger car stock market shares by technology in the EU 363 

A Quicker Transition scenario, which assumes faster uptake of EVs and heat pumps and 364 

accelerated decarbonisation of the power sector, is used to assess the resilience of sufficiency 365 

measures to a faster transition. In this scenario, the penetration of EVs and heat pumps is 366 

accelerated by five years, and the decarbonisation of the power sector is faster, in line with 367 

the International Energy Agency’s (IEA) Net Zero by 2050 scenario [43]. For the private car 368 

sector, powertrain efficiencies and penetration data from five key countries were extended to 369 

all European nations through clustering based on current sales trends. Regarding domestic 370 

heating, the model used heated surface data from HOTMAPS [44] and expanded it according 371 

to the penetration of heating systems, ensuring a coherent representation across the EU. The 372 

Quicker transition assumes that residential transport and heating trends accelerate between 373 

2025 and 2030, aligning with expert-judgment pathways for faster decarbonisation of these 374 

sectors. The rationale behind running both Reference and Quicker transition scenarios is to 375 

assess whether sufficiency measures retain their relevance when technological 376 

decarbonisation progresses at an accelerated pace.  377 

Decarbonisation of the power sector 378 

The decarbonisation trajectory of the power sector in the model is based on a comprehensive 379 

analysis of national commitments and policy targets across EU member states, built on 380 
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International Energy Agency's (IEA) Energy Policy Reviews or equivalent documentation. This 381 

approach ensures that the baseline scenario reflects current policy landscapes and stated 382 

ambitions for each country. However, to account for potentially more ambitious 383 

decarbonisation pathways within the Quicker transition set of scenarios, an expert-based 384 

upscaling method was also employed. This method draws upon the IEA’s Net Zero scenario, 385 

which outlines a rapid decarbonisation pathway for the power sector globally [43]. The IEA's 386 

projections were carefully adapted to the EU context, with country-specific mixes developed 387 

through expert judgment to reflect the overall European mix described by the IEA Net Zero 388 

scenario. As electricity becomes increasingly central to residential heating and transport 389 

through technologies like heat pumps and EVs, the carbon intensity of electricity production 390 

plays a pivotal role in determining the overall impact of sufficiency measures. 391 

 392 

Figure 3 – Electricity mixes in EU in a Reference and a Quicker transition background scenario 393 

3.3.2. Sufficiency measures overview 394 

Here below an overview about the modelled sufficiency measures is synthetically provided. 395 

These measures have been introduced considering not only the specific contribution of each 396 

initiative (e.g., the marginal impact reduction from driving 1 km in a small car versus a medium-397 

sized vehicle) but also their plausible adoption rates across different regions. The estimation 398 

of the parameters defining these sufficiency measures (e.g., the extent of reduction in air travel 399 

or the shift towards plant-based diets over time) is informed by a combination of existing 400 

literature, findings from social science research within the FULFILL project [45,46], and 401 

alignment with the "Collaborative Low Energy Vision for the European Region" (CLEVER) 402 

scenario [39]. Where specific information directly supported the projected evolutions, it has 403 

been referenced within the descriptions of each measure below. In cases where literature was 404 

less direct, the chosen figures reflect plausible pathways of behavioural change informed by 405 

expert judgment within the project consortium, aiming for consistency with ambitious 406 

decarbonization scenarios while considering societal and infrastructural constraints. Figure 4 407 

illustrates simplified representations of more complex dynamics underlying the assumptions 408 

used to model penetration trajectories for each sufficiency measure across key countries. The 409 

analysis incorporates a range of factors, such as policy frameworks, infrastructure readiness, 410 

and behavioural trends, to assess how quickly and widely these measures could be adopted. 411 

While the figure illustrates general trends, the actual effectiveness of each measure will vary 412 
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depending on local conditions and the interaction between technological penetration, 413 

efficiencies and overall economic growth in each EU country. 414 

 415 

 416 

Figure 4 – Proxies of penetration assumptions for sufficiency measures across key countries modelled from 2025 417 
to 2050. 418 

The Diets measure focuses on promoting more sustainable dietary patterns by reducing meat 419 

consumption and encouraging the adoption of plant-based diets. This measure aims to reduce 420 

greenhouse gas emissions, particularly methane (CH4) and nitrous oxide (N2O), which are 421 

primarily associated with intensive livestock farming. The projected increase in the adoption 422 

of less resource-intensive diets is based on trends and scenarios explored in [46], which 423 

integrated social science insights on dietary shifts. The specific penetration rates, with non-424 

omnivorous diets projected to represent between 43% and 53% of total meal consumption in 425 

Europe by 2050, are aligned with scenarios for sustainable food systems aimed at significant 426 

GHG reductions [6,8]. The penetration of less resource-intensive diets is expected to increase 427 

progressively. Initially, non-omnivorous diets account for about one-quarter of the total, with 428 

roughly 70% of these classified as flexitarian. The extension of this sufficiency measure across 429 

European countries, through clustering, used historical per capita meat consumption data from 430 

each European country as the reference metric for modelling. 431 

Sharing spaces in housing involves a reduction in the average living area per capita, 432 

particularly targeting people over 65 living in 1-2 person households with excess space. By 433 

decreasing housing surface area, energy consumption for heating, cooling, and lighting is 434 

substantially reduced. Adoption projections are based on analysis of demographic trends in 435 

[46] and the potential for space sharing identified through survey data [42]. The projected 436 

progressive growth reflects a social shift toward co-housing and space-sharing practices, 437 

quantified in [45] through clustering of EU countries based on average floor area and number 438 

of rooms per person, in line with the convergence toward more sustainable lifestyles discussed 439 

in the context of the CLEVER project [39]. The adoption of this measure is projected to grow 440 

steadily over time, with an increasing proportion of the elderly population embracing shared 441 

living arrangements. By 2050, the target population is expected to account for 26-31% of the 442 

total across five key countries. This gradual uptake reflects a societal shift towards co-housing 443 

and space-sharing practices, reducing the environmental impact of larger, underutilised 444 

homes. For the Sharing spaces in housing measure, clustering was performed using average 445 
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floor area and number of rooms per person, grouping countries into five clusters based on 446 

these indicators. 447 

Moderate car sizing focuses on reducing the average vehicle weight per capita by shifting 448 

consumer preferences towards smaller, more energy-efficient cars. Lighter vehicles consume 449 

less energy per kilometre travelled, thereby lowering overall transport-related energy 450 

consumption. The evolution toward smaller cars was modeled in [46] through the projection of 451 

market shares by automotive segment, taking into account current trends and the 452 

decarbonization goals of the transportation sector also outlined in the CLEVER project [39]. 453 

Vehicle weight assumptions by segment (described in [45], based on ICCT data) and the 454 

gradual replacement of the existing car fleet with more compact models were used to estimate 455 

the impact on energy demand. Penetration of this measure will occur progressively as market 456 

shares for smaller vehicles expand, with older, larger cars gradually being replaced by more 457 

compact models. By 2050, smaller cars are anticipated to dominate the vehicle stock, driven 458 

by consumer demand for greater fuel efficiency and lower operating costs. In the case of the 459 

Moderate car sizing measure, clustering was carried out using data on car sales by segment, 460 

grouping countries into four clusters according to similarities in sales patterns between small 461 

cars and SUVs. 462 

Sharing products, specifically washing machines, aims to reduce individual ownership by 463 

promoting shared use of laundry facilities. This leads to more efficient use of washing 464 

machines, decreasing electricity consumption per capita for clothes washing. Projections of 465 

declining individual ownership of washing machines are based on behavioural change 466 

scenarios explored in [46], which consider factors such as urbanization and availability of 467 

shared services. Detailed modelling of the evolution of the washing machine fleet and its 468 

energy consumption is described in [45], which includes a stock model and assumptions about 469 

the intensity of use of shared washing machines. As shared laundry facilities become more 470 

prevalent, households will increasingly turn to communal solutions, driven by both cost and 471 

sustainability considerations. For Sharing products like washing machines, municipal solid 472 

waste per capita served as a proxy indicator for clustering, correlated with GDP per capita. 473 

Cycling more seeks to increase the distance travelled by bicycle per capita, reducing reliance 474 

on cars for short-distance travel. This shift leads to significant energy savings as bicycles 475 

require no fuel, offering a zero-emission alternative to motor vehicles. The projected increase 476 

in the use of bicycles as a daily mode of transportation (quantified in [45] with a substitution 477 

rate of 80%) is based on the active mobility trends analysed in Deliverable 5.3 [46] and the 478 

sustainable mobility promotion goals also outlined in the context of the CLEVER project [39]. 479 

The change per capita is closely tied to the expansion of cycling infrastructure and the growing 480 

appeal of cycling as a sustainable mode of transport. Penetration of cycling as a primary mode 481 

of transport is expected to rise steadily, with daily bicycle trips projected to account for 6-30% 482 

of all trips by 2050, depending on the country. However, for each assumed additional kilometre 483 

travelled by bicycle, only 800 metres have been subtracted from private car transport demand. 484 

The Cycling more measure relied on the share of trips made by bicycle versus car, with 485 

clustering assigning countries to the five groups based on similar modal shares. 486 

Flying less focuses on reducing the frequency and distance of air travel per capita, particularly 487 

for short-haul flights, by promoting alternatives such as rail transport and remote work 488 

meetings. This shift significantly reduces the carbon intensity of personal travel, given the high 489 

energy consumption associated with aviation. This includes water vapor effects beyond 490 

traditional combustion emissions. Projections on the reduction of air travel are based on the 491 

scenarios of behavioural change in the transportation sector analysed in [46], which consider 492 

increasing environmental awareness and the availability of more sustainable travel 493 
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alternatives. Penetration of this measure is applied broadly, with reductions in both domestic 494 

and intra-EU flights. By 2035, domestic flights are expected to be largely phased out, while 495 

short-haul international flights will see substantial declines by 2050. For the Flying less 496 

measure, clustering used data on air passengers per capita, linked to GDP per capita, forming 497 

four clusters of countries with comparable air travel patterns. 498 

4. Results 499 

4.1. Joint implementation of all Sufficiency measures 500 

This section presents the results of the macroeconomic and environmental impacts of 501 

sufficiency measures across the EU with supply-chain effects on the Rest of the World (RoW) 502 

based on one main scenario (i.e., the Reference scenario). The results are presented within 503 

a ceteris paribus framework, meaning that the analysis isolates the effects of sufficiency 504 

measures by holding other factors constant (such as productivity, labour efficiency, and 505 

technological advances) beyond those explicitly included in the model. The primary indicators 506 

evaluated are GHG emissions reductions, GDP, and employment changes, along with their 507 

respective sectoral contributions. 508 

The overall results of the 6 sufficiency measures within the modelling framework highlight 509 

substantial impacts across the three main indicators. By 2050, these measures combined are 510 

projected to reduce annual GHG emissions within the EU by approximately 13%, equivalent 511 

to a global cumulative of 13.8 Gt CO2. However, this comes with a ~5% reduction in GDP and 512 

a loss of ~19 million jobs in the EU with respect to the Reference scenario. The effects are 513 

even more pronounced in the RoW, where labour-intensive sectors are hit harder due to their 514 

global interconnectedness with the EU economy (see Figure 5). 515 

Regarding cumulative GHG emissions, it is evident that a significant portion of these 516 

reductions occur primarily within the EU, driven by a reduction in the agricultural sector, which 517 

includes cattle farming. The reduced consumption of bovine meat leads to a substantial 518 

decrease in emissions. Additionally, there are a supply chain effects linked to the introduction 519 

of sufficiency measures. Notably, a significant reduction in RoW’s mining sector, as less 520 

extraction is needed due to energy savings across various energy vectors, is observed. 521 

Overall, the cumulative emissions reduction due to sufficiency measures from now until 2050 522 

is approximately ~13.8 Gt CO2 equivalent, corresponding to about 5% of the global carbon 523 

budget necessary to remain within the 1.5°C threshold with a 50% likelihood [47]. 524 

The sufficiency measures assumptions also lead to substantial economic and social impacts. 525 

The measures are projected to result in a reduction of approximately ~5% in GDP within the 526 

EU by 2050 with respect to the Reference scenario. This reduction is significant and reflects 527 

the broad changes in consumption patterns and production processes that the sufficiency 528 

scenario assumptions entail. The economic impact is particularly pronounced in the services 529 

and manufacturing sectors, which experience substantial contractions, partly due to the large 530 

size of these sectors within the EU economy. The shift towards more sustainable practices 531 

and reduced consumption in certain sectors has wide-ranging effects on economic output, 532 

especially in industries closely tied to high emissions and resource use. 533 
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 534 

Figure 5 – Overall impact of all sufficiency measures in 2050 in the EU and rest of the world (RoW) on main 535 
indicators: a) cumulative GHG emissions; b) GDP; c) employment. Impact is broken down by activity and reported 536 
in a table aggregating on regional basis, by means of absolute and relative variations with respect to reference 537 

The social dimension, as indicated by employment, also sees notable impacts. The 538 

implementation of sufficiency measures is expected to lead to a decrease of about ~19 million 539 

yearly full-time equivalent jobs within the EU by 2050 with respect to the Reference. 540 

Interestingly, despite the measures being implemented within Europe, there are more job 541 

losses in the rest of the world compared to the EU. This is partly due to the higher productivity 542 

levels in Europe but also reflects the more labour-intensive nature of economies outside 543 

Europe. The contraction in employment in the RoW underscores the global 544 

interconnectedness of economic activities and the far-reaching impacts of consumption and 545 

production changes initiated within the EU. 546 

4.2. Breakdown by single Sufficiency measure 547 

As illustrated in Figure 6, most of the emissions reduction, which becomes increasingly evident 548 

over time, is primarily driven by two key measures: Diets and Flying less. These initiatives 549 

significantly outperform the others in terms of their impact on reducing GHG emissions. 550 
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 551 

552 
Figure 6 – Relative reduction of GHG emissions brought by each sufficiency scenario assumption in the EU with 553 
respect to Reference scenario 554 

The role of sufficiency measures in EU becomes increasingly significant as 2050 approaches, 555 

already accounting in 2035 for a 6.6% reduction in GHG compared to a scenario without these 556 

measures (Reference). This growing impact is due to the progressive implementation of each 557 

measure, which enhances their effectiveness over time. 558 

The transition to more plant-based Diets has the greatest impact among modelled measures, 559 

reducing GHG emissions by 9.2% compared to the Reference scenario. Omnivorous diets 560 

have significantly higher carbon footprints than vegetarian or vegan diets. A diet with 170 g of 561 

meat per day produces about 14.8 kgCO2eq/day, while a vegan diet is a factor 10-15 lower. 562 

Meat production is highly GHG emission intensive, with beef generating up to 100 563 

kgCO2eq/kg, compared to 1-2 kgCO2eq/kg for fruits and vegetables. By 2050, dietary changes 564 

in the EU could avoid 390 Mt CO2eq emissions in the agriculture sector alone, mostly from 565 

reduced CH4 and N2O from livestock. This is comparable to current annual emissions from 566 

Italy [47]. The impact of dietary changes mirrors the overall impact of sufficiency scenarios, 567 

with one-third of emission reductions occurring outside Europe. While Europe sees significant 568 

agricultural emission reductions (3.7 Gt CO2), the economic and employment impacts are 569 

concentrated in the services sector. The rest of the world experiences comparable workforce 570 

reductions by 2050, primarily affecting the agricultural sector. 571 

Flying less is the second most impactful measure, lowering EU GHG emissions by 3.4% in 572 

2050. Most reductions come from decreased air travel, affecting both private and industry 573 

emissions. Indirect reductions occur in power and mining sectors, with minor savings from 574 

reduced consumption of travel-related goods and services. The Flying less measure quickly 575 

assumes a prominent role, with its trend stabilizing around 2035. In contrast, measures related 576 

to Moderate car sizing, Cycling more, Sharing products, and Sharing spaces are an order of 577 

magnitude less effective in reducing European emissions compared to Diets and Flying less.  578 
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Moderate car sizing reduces EU GHG emissions by 0.38% in 2050. This small impact is 579 

partially due to decarbonization actions like electrification and cleaner electricity having a 580 

larger effect than car size reduction: by 2050, average passenger battery electric vehicle 581 

transport service emissions per km is more than halved with respect to 2020. The power sector 582 

accounts for most emissions savings as smaller EVs become more prevalent, highlighting the 583 

importance of decarbonizing electricity generation. 584 

Cycling more reduces GHG emissions by only 0.15% by 2050, as just 1-3% of European 585 

passenger car transport service demand is replaced. Emissions savings come mainly from 586 

reduced driving, with a shift from direct car emissions to electricity sector emissions as 587 

vehicles electrify. The measure's impact plateaus around 10 MtCO2eq by 2035 due to overall 588 

system decarbonization. 589 

Sharing spaces in housing reduces EU GHG emissions by only 0.07% in 2050. This small 590 

impact is due to small overall penetration of the measure and background decarbonization 591 

processes, such as improved heating efficiencies. By 2050, floor surface per capita decreases 592 

3.4-5.1%, saving 6 MtCO2eq, equivalent to 2.8-4.5 million people becoming vegetarian. 593 

Benefits grow over time as the electricity system decarbonizes, with additional savings from 594 

reduced services per square meter. 595 

The Sharing products measure, involving the reduced use of residential washing machines, 596 

results in lower electricity consumption and a reduced demand for new machines but with very 597 

marginal impacts (i.e., 0.03%) in GHG reduction. By 2050, sales of new washing machines 598 

are projected to decrease by 100’000 to 1 million units, varying by country. Most of the impact 599 

occurs in the manufacturing sector due to fewer machines being produced, with a smaller 600 

effect on the power sector. Emission reductions increase progressively, though changes vary 601 

every five years based on input assumptions. 602 

 603 

 604 

Figure 7 – Relative GHG emissions reduction in the reference scenario for one or all six sufficiency measures, with 605 
bubble size representing the absolute reduction for each country with respect to reference scenario without 606 
Sufficiency measures implemented, in each key country, as identified by legend colours. 607 
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Figure 7 illustrates both absolute and relative GHG emission reductions achieved through 608 

sufficiency measures in the five primary countries of the analysis. The most notable reductions 609 

are associated with Diets and Flying less, which show the highest impacts (from -2.0% – Flying 610 

less in Denmark – to 11.6%, Diets in France). Interestingly, in larger countries such as Italy, 611 

measures like Moderate car sizing contribute reductions comparable to Diets in smaller 612 

countries such as Denmark, about 2.5 MtCO2eq. This highlights that while some measures 613 

may offer higher unitary reduction potential, significant results can still be achieved in larger 614 

countries. 615 

The most pronounced reduction is observed in the All measures scenario, with Latvia 616 

displaying the greatest percentage decrease (i.e., 16.6%), followed by France and Italy (i.e., 617 

15.8% and 12.4% respectively). Diets show consistent GHG reductions across all countries, 618 

with Germany and France experiencing the largest impacts in the measure of 91 and 74 619 

MtCO2eq respectively. The Flying less also yields substantial emissions decreases, 620 

particularly in Germany and France generating respectively 56% and 35% of the reductions 621 

achievable with the Diets measure. 622 

 623 

 624 

Figure 8 – Cumulative GHG emission reduction potential by sufficiency measure and its possible lost potential in 625 
case of quicker transition 626 

The analysis resumed in Figure 8 reveals that Diets and Flying less not only offer the highest 627 

potential for emissions reductions but are also more resilient to a faster-than-expected 628 

transition. Diets could save up to 8.39 GtCO2eq in the Reference scenario, with only 6.9% of 629 

that potential being hampered by a quicker transition. Similarly, reducing air travel could yield 630 

4.9 GtCO2eq, with a minimal 1.1% risk of benefit loss if the transition accelerates. In contrast, 631 

measures like Moderate car sizing and Cycling more face much higher risks, with potential 632 

losses of 56.8% and 44.6%, respectively, under a Quicker transition scenario. Without 633 

incorporating the evolution of energy systems in accordance with current policies and market 634 

trajectories, these two measures would have appeared approximately 100 times more 635 

effective in emissions reduction (as illustrated in the Business-as-usual scenario in Figure 8), 636 

highlighting the importance of establishing realistic baseline conditions for accurately 637 

assessing sufficiency interventions.  This misrepresentation would lead to an overall 638 

overestimation of the sufficiency measures analysed by 24%, even though Flying less and 639 

Diets remain relatively unaffected by this change in background scenario assumptions. 640 
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This highlights the importance of focusing on high-impact, resilient measures such as Diets 641 

and Flying less in climate strategies, as they maintain effectiveness even in scenarios of more 642 

rapid transition. 643 

Additionally, it is possible to compare the contribution to cumulative emissions reduction by 644 

examining the Reference scenario with All measures implemented and the Quicker transition 645 

scenario, against the Reference scenario without any sufficiency measures. This comparison 646 

provides insight into the relative contribution of sufficiency when contrasted with a faster 647 

transition in global power and European residential heating, and private car usage. The 648 

comparison of cumulative emissions reductions reveals that the potential of a quicker 649 

transition is approximately 15 times greater than that of sufficiency measures (i.e., 200.6 Gt 650 

CO2eq). 651 

5. Conclusions 652 

Sufficiency scenario assumptions have gained attention as a critical approach to achieving 653 

substantial decarbonization, supplementing technological advancements. While technological 654 

solutions are essential, they alone may not be enough to meet the ambitious climate targets. 655 

Sufficiency, which involves reducing overall consumption and optimizing resource use, 656 

presents a complementary pathway towards a more sustainable future. This study explores 657 

various sufficiency measures and their impacts on GHG emissions, economic output, and 658 

employment. In total, for all the sufficiency measures analysed in the EU, the cumulative GHG 659 

emissions reduction potential until 2050 is about 13.8 Gt CO2 equivalent (9.2 Gt CO2 for EU 660 

and 4.6 Gt CO2 for the rest of the world), corresponding to a 6.6% reduction for EU alone and 661 

about 5% of the global carbon budget. These findings align with broader literature indicating 662 

that behavioural changes and sufficiency measures are essential complements to 663 

technological solutions. Studies by Costa et al. and Zimmerman et al. suggest that behavioural 664 

modifications could contribute to GHG emission reductions toward achieving European net-665 

zero targets by 2050 at a magnitude comparable to that identified in this analysis [16,21]. 666 

Among the analysed sufficiency measures, dietary changes and reduced air travel exhibit the 667 

most significant potential for GHG emission reductions. Dietary changes, particularly the shift 668 

towards plant-based diets, show a profound impact by reducing emissions in the agricultural 669 

sector, including livestock-related emissions. This measure alone contributes ~61% to the 670 

overall emission reduction potential to 2050 of the sufficiency measures here considered, 671 

representing a substantial share of the total potential savings. This prominent role of dietary 672 

changes is consistent with findings by Hallström et al., who estimate that aligning meat 673 

consumption with nutritional guidelines could reduce emissions from meat production by half, 674 

and with Steinitz et al., who conclude that reducing meat intake to healthy levels and avoiding 675 

ruminant meat could nearly halve food system emissions by 2050 [6,8]. Reducing flying 676 

essentially accounts for most of the remaining contribution (i.e. 35% out of 39%) of the impact 677 

of sufficiency measures, primarily by decreasing direct emissions from air travel. This 678 

measure's effectiveness is evident early on, with substantial impacts plateauing by 2035 679 

because of domestic flight being assumed phased-out by then. In contrast, the other observed 680 

measures such as moderate car sizing, increased biking, and shared products and spaces, 681 

while beneficial, show comparatively smaller contributions to overall GHG reductions, 682 

accounting just for the remaining ~3%. This contrasts with findings from both Koide et al., who 683 

suggested significant emission reduction potential from increased cycling and Zimmerman et 684 

al., who identified reduction in per capita living space as the most effective sufficiency measure 685 

for emissions mitigation in the European building sector [12,16]. The analysis highlights that 686 

diet changes and reduced air travel offer the highest potential for GHG emissions reductions 687 
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from changes in consumers’ behaviours, with these measures proving more resilient to a faster 688 

technological transition compared to others. While diet shifts maintain a large portion of their 689 

effectiveness under accelerated decarbonisation, reduced air travel could also remain highly 690 

impactful, although the lack of assumed technological improvements in aviation leaves room 691 

for potential future reductions in the measure's efficacy. In contrast, measures such as 692 

moderate car sizing and increased cycling face much greater risks of diminished effectiveness 693 

in a scenario of rapid transition. This underscores the importance of focusing on resilient, high-694 

impact measures in climate strategies, while remaining mindful of potential future 695 

advancements in aviation that could affect the efficacy of air travel reduction strategies. 696 

While the direct GHG reduction potential of measures like car sizing, biking, and sharing 697 

products and spaces may be limited, their broader impacts on other dimensions of 698 

sustainability should not be overlooked. These measures can lead to significant improvements 699 

in resource efficiency, reduced environmental degradation, and enhanced quality of life. For 700 

instance, shared housing and product usage can decrease material consumption and waste 701 

generation, contributing to determine a hierarchy of consumption behaviour in the circular 702 

economy [48] to support policymakers, as well as define strategies to be modelled by 703 

researchers [49]. Furthermore, higher cycling rates, alongside reduced car use, significantly 704 

lower pollution-related mortality and likely improve health for active participants [50]. 705 

Moreover, limitations in the high-level modelling of vehicle fuel consumption and emissions 706 

may have led to an underestimation of the projected benefits of transport-related measures 707 

considered in this research [51]. Moreover, reducing the demand for electricity and heat can 708 

lower the costs associated with decarbonizing both the electricity production and the heating 709 

system, which is also a relevant aspect [28]. 710 

The implementation of sufficiency measures in the EU has substantial side effects on the Rest 711 

of the World (RoW), particularly in terms of employment and GDP. While these measures 712 

primarily target consumption patterns within the EU, their effects ripple across global supply 713 

chains. The analysis reveals that the RoW experiences notable employment and economic 714 

impacts, often more pronounced than within the EU itself. This disparity can be attributed to 715 

the labour-intensive nature of certain sectors in the RoW and the interconnectedness of global 716 

markets. The results presented in this study do not account for potential rebound and spillover 717 

effects, where savings from changes in household energy savings might lead to increased 718 

income and then energy consumption elsewhere [52]. For instance, money saved from 719 

reduced air travel could be spent on other goods and services, potentially offsetting some of 720 

the GHG reductions [7]. Interestingly, such rebound effects might also have positive impacts 721 

on employment, which are not captured by the input-output model. Reduced consumption in 722 

certain categories could lead to increased spending in others, potentially resulting in 723 

overestimating benefits of the measures. Moreover, while this study quantifies the potential of 724 

sufficiency measures for decarbonization, it is crucial to acknowledge that the successful and 725 

equitable implementation of such measures necessitates careful consideration of social 726 

impacts and the design of just transition strategies, ensuring that the benefits of sustainability 727 

are shared across society and potential negative consequences, such as job displacement, 728 

are effectively addressed, as highlighted by the broader perspective on well-being and equity 729 

in sufficiency pathways [28,50]. 730 

Furthermore, these results should be interpreted in light of a key limitation of the model: while 731 

the most critical sectors such as electricity, private cars, and residential heating have been 732 

explicitly modelled and updated annually and regionally based on various assumptions and 733 

scenarios, the rest of the economy relies on the initial input-output table description. While 734 

incorporating productivity changes through adjusted technical coefficients would have been 735 

theoretically possible, this would require extensive speculation across multiple dimensions 736 
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and introduce complex price-consumption interactions, contradicting the ceteris paribus 737 

approach applied to isolate sufficiency impacts. Computable General Equilibrium (CGE) 738 

frameworks incorporate price flexibility and supply-side dynamics through endogenous 739 

adjustments, whereas our methodological approach deliberately isolates sufficiency effects 740 

without price-mediated responses. This choice enhances analytical clarity regarding direct 741 

impacts, though it potentially overestimates certain effects by not capturing productivity-742 

enhancing feedback mechanisms. 743 

While this study provides a comprehensive analysis of the impacts of a limited set of 744 

sufficiency measures, it is constrained by other limitations. The scope of the analysis does not 745 

allow for an in-depth examination of each country and all key dimensions of sustainability – 746 

environmental, social, economic, and governance. Detailed regional assessments and sector-747 

specific studies are needed to fully understand the localized effects and to tailor sufficiency 748 

scenario assumptions more effectively. Additionally, the assumptions and data used, while 749 

robust, may not capture the full complexity of real-world scenarios, highlighting the need for 750 

continuous refinement and validation of the model. Moreover, the application of sufficiency 751 

measures to all European countries required assuming that evolutions and/or total 752 

consumptions are based on similarities suggested by the clustering algorithm, which 753 

introduces an additional layer of approximation in the results.  754 

In conclusion, this study provides a quantitative assessment of the effectiveness of sufficiency 755 

measures within the sustainability framework, emphasizing their role in addressing climate 756 

change. While the model highlights that the impact of sufficiency on greenhouse gas 757 

reductions is limited compared to more rapid transition strategies, it underscores the significant 758 

potential of dietary changes and reduced air travel. These sufficiency measures can augment 759 

technological solutions in the quest for decarbonization. However, it is crucial for policymakers 760 

to balance the acceleration of transitions with the implementation of sufficiency measures, as 761 

both approaches can complement each other. The broader benefits and potential rebound 762 

effects associated with these strategies must be carefully managed to ensure a holistic and 763 

effective approach to sustainability.  764 
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