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Abstract

:

Understanding the relationship between energy use and well-being is crucial for designing holistic energy policy. The latter has to both effectively mitigate climate change driven by current fossil-based energy systems as well as promote human development, which requires energy. While a significant body of research investigates this relationship, study designs differ significantly, so findings cannot be easily generalized. This machine learning-aided review provides an overview of the current state of the literature examining this relationship. We highlight and discuss methodological differences between the studies, including their perspective (top-down or bottom-up), spatial scope, and the respective energy and well-being indicators used. The review reveals that most research takes a top-down perspective, analyzing country-level data across multiple countries. These studies typically find a positive relationship between energy use and well-being, and most confirm the existence of a saturation effect. We reveal that countries in the Global South are underrepresented in current studies. Bottom-up studies focus on specific countries or country groups using household-level data, yielding more nuanced findings that can be further disaggregated by consumption domain. We find that energy and well-being indicators differ substantially across studies, yet the implications of this choice are not always sufficiently discussed. The review shows and discusses the current shift from production- to consumption-based energy indicators.
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1. Introduction


Deep and fast emissions cuts to our fossil-based energy system are necessary to mitigate the effects of the climate crisis. Current policies are far from sufficient to limit anthropogenic climate change to 2 °C, let alone 1.5 °C [1]. Emission reductions require decarbonizing the energy system with renewable energy, but also improving energy efficiency and reducing demand for energy services—energy sufficiency. The latter two have historically received less attention but are urgently needed [2]. Sufficiency is rooted in the framework of a safe and just operating space, as outlined by Raworth [3]. It directs our attention to sustainable consumption that exists within the ecological ceiling, defined by the planetary boundaries described by Rockström et al. [4] while simultaneously ensuring the fulfillment of basic needs above the social floor. Thus, the concept of energy sufficiency highlights that there can be both too little energy consumption (less than what is required to be above the social floor) and too much energy consumption (crossing the ecological threshold due to associated environmental impacts) [2].



Energy is a fundamental component of human development and well-being [5], and access to energy resources constitutes a precondition for leading a decent life [6,7]. Energy systems are therefore essential for meeting basic human needs such as cooking, heating, and lighting. Reliable and affordable energy services enhance education, healthcare, and economic productivity, empowering individuals and communities to thrive [8]. Furthermore, energy consumption is an essential input for almost all economic activities [9]. Despite recognizing the significance of energy systems in the United Nations’ Sustainable Development Goals [10], a substantial portion of the global population still lacks access to adequate energy [11]. In the Global South, billions of people do not have access to clean and reliable energy, relying on traditional biomass and coal for cooking, which has detrimental effects on human well-being, exacerbates inequalities, and hinders social progress [5,8,11]. In the Global North, fossil fuels have historically driven economic growth [12]. Many affluent nations consume excessive amounts of energy, either directly in their homes or cars or indirectly embedded in their foods, goods, and services, far beyond what is necessary for decent living standards. This overconsumption contributes to significant environmental problems [13,14]. Implementing demand-side solutions aimed at reducing energy demand could pave the way for a more equitable distribution of energy resources, thereby enabling decent living conditions for all [15,16,17]. Therefore, understanding how energy use translates to well-being is paramount to designing appropriate energy policy, which must resolve conflicting goals between environmental protection and human development. In contrast to the long-prevailing view that higher energy consumption always means higher levels of human development, it is nowadays recognized that higher energy consumption also increases greenhouse gas emissions, contributing to anthropogenic climate change and indirectly reducing human development [9].



Under which conditions does well-being increase when energy use is increased? Is there a threshold beyond which further increases in energy consumption yield only marginal, negligible, or even negative improvements in well-being? Many studies have covered the relationship but have found varying results. Since they employ different methods—including variations in the energy and well-being indicator used, spatial scope, and perspective—it is difficult to generalize the findings. To the authors’ knowledge, no review systematically covers the existing studies and considers the relationship between energy use and well-being specifically. Burke [2] provides a recent review of the relationship between carbon emissions and well-being and, therefore, also indirectly addresses the relationship between energy use and well-being while conceptually focusing on well-being. Tran et al. [9] draw attention to the ambiguous findings in the field that can be caused by the chosen study design, stating that there has not been much focus on the connection between energy use and human development. With this systematic machine learning-aided literature review, we thus aim to draw attention to differences in study design that may impact results, potential generalizable results, and focus on the energy use component.



	RQ1

	
How has the field of literature developed?




	RQ2

	
How do the studies differ conceptually and technically?




	RQ3

	
What do the studies suggest about the relationship between energy use and well-being?




	RQ4

	
Where do gaps in the literature exist, and how can the field develop to fill them?







Our review finds that many studies using country-level data find a positive relationship between energy use and identify diminishing marginal utility of increased energy use, describing a saturation phenomenon. Findings become more nuanced when looking at subsets of countries and bottom-up studies, showing that, depending on country-specific circumstances, the relationship can be positive, insignificant, or negative. We discuss the importance of the chosen energy and well-being metrics and how they can influence results. We also draw attention to the importance of explicitly stating and critically discussing said choice. We show that the spatial data coverage of “global” studies underrepresents countries from the Global South and propose future research directions.



The rest of this article is organized as follows. Section 2 introduces measures of well-being, while Section 3 is devoted to energy measures. Section 4 provides a brief historical summary of the field, including literature from before the period covered by the systematic review. Section 5 then introduces the review process, and Section 6 describes the main conceptual and technical differences between the studies and their main findings. Section 7 concludes the paper, drawing conclusions from the findings and suggesting directions for future research.




2. Measuring Well-Being


Defining what constitutes a “good life” is intricate and subject to intense debate—a discussion that has persisted for centuries. Hedonic and eudaimonic well-being are two prominent schools of thought that seek to define well-being and have a history dating back to the fourth century BC. Hedonic well-being primarily revolves around the pursuit of pleasure and the avoidance of pain, while eudaimonic well-being centers on the realization of human potential, personal growth, and purpose [18]. Happiness and immediate pleasure and gratification are central to hedonic well-being, whereas flourishing is central to eudaimonia. The latter seeks to distinguish between needs and desires that are focused on momentary and immediate pleasure and those that promote self-worth and meaning in one’s life [19,20].



Measuring human well-being is, therefore, a highly contested matter, much like defining a good and happy life. Two broad approaches—objective and subjective—can be identified. They differ in their perspectives and methods for quantifying well-being [5,21]. Objective measures of well-being focus on external factors that influence well-being. They are based on fulfilling predetermined universal needs or criteria essential for human well-being [22]. Objective indicators of well-being primarily focus on material resources such as income, housing, and nutrition, as well as social attributes including education, health, safety, and political participation [23,24].



The Human Development Index (HDI) is a widely used objective measure of well-being developed under the United Nations Development Programme in 1990. It is based on the capabilities approach developed by Sen [25,26] and expanded on by Nussbaum [22,27]. It emphasizes the significance of individuals’ capabilities across domains such as education, health, political participation, and social opportunities. The basic needs approach is another objective well-being concept that identifies universal human needs independent of individual preferences. Numerous attempts have been made to categorize these needs, encompassing physiological and psychological aspects, e.g., [28,29,30,31,32,33]. The Theory of Human Needs proposed by Doyal and Gough [30] is a frequently used framework for assessing well-being, considering fundamental physical health and essential autonomous needs.



Subjective measures of well-being focus on individuals’ own perceptions, evaluations, and subjective experiences. It acknowledges the inherent subjectivity and personal variation in well-being [34]. Subjective well-being measures usually involve self-report questionnaires and surveys where individuals are asked to reflect and evaluate their own well-being and life satisfaction [35]. Various tools and scales have been developed within this framework to assess subjective well-being, including Cantril’s Ladder [36] and the Satisfaction with Life Scale [37].



The assessment of well-being is complex, with a diverse array of perspectives and approaches. Defining and measuring well-being involves navigating different frameworks and methodologies, posing inherent challenges. It is important to recognize the limitations of any measurement approach, as no single framework can fully capture the multidimensional and subjective nature of well-being. Acknowledging these limitations allows for a more nuanced interpretation of well-being data.




3. Measuring Energy


3.1. Characterizing Energy Services


When investigating the relationship between energy and well-being, one must understand how the two relate to each other. It is well established in the literature that there is no demand for energy as such (measured in physical units, e.g., 1 MWh of electricity), as it does not directly contribute to human well-being. Rather, there is demand for the services enabled by energy use, which in turn contribute to well-being, e.g., [38,39]. While the term energy services has been widely used in the literature, its definition can vary widely [40]. Hereinafter, we will use the terminology established by Kalt et al. [39] in the Energy Service Cascade framework (see Figure 1): They refer to functions as physical actions performed using energy as an input (e.g., running a heat pump for space heating), to services as what is demanded (e.g., higher room temperature), to benefits as how the service relates to well-being (e.g., thermal comfort), and to values when attributing a valuation to the benefits (individually and societally). In the literature, both functions and services are commonly and interchangeably referred to as energy services. The further we move along the Energy Service Cascade, the better the indicator as a proxy for the contribution to well-being, but also the more indirect the measurability in physical units. Therefore, as Kalt et al. [39] point out, many studies investigating the link between energy use and well-being forgo linking energy use to benefits or values in favor of straightforward measurability. Still, it is worthwhile to characterize energy use ranges [41] since energy is a necessary input for the Energy Service Cascade. Conversely, emissions are only an (avoidable) byproduct of energy use [42,43]. The relationship between emissions and well-being is also subject to a wide body of scientific research [44].




3.2. Primary vs. Final Metrics


Energy indicators can be divided into primary and final energy metrics. Primary metrics such as Total Primary Energy Supply (TPES) and Total Primary Energy Footprint (TPEF) measure the energy input into the system, thus including transformation and distribution losses as well as the final consumption by consumers. Final metrics such as final energy consumption or final energy footprint only include final consumption [42].




3.3. Consumption vs. Production-Based Metrics


Historically, a country’s energy consumption has been measured using production-based metrics such as TPES, which includes all the energy generated and used in a country, adding imported energy (e.g., coal imports) and subtracting exported energy (e.g., oil exports). Thus, it uses the territorial perspective, most prominently employed by the International Energy Agency (IEA) [45]. Importantly, production-based metrics do not include the energy embodied in internationally traded goods and services. The energy footprint (EF), a consumption-based accounting (CBA) method similar to the more established carbon footprint, addresses this drawback [42]. Some countries’ TPEF exceeds their TPES, meaning they are a net importer of embodied energy. This mostly applies to countries from the Global North. On the other hand, countries from the Global South often have a TPES that exceeds their TPEF, meaning they are net exporters of embodied energy. Consequently, some countries from the Global North seemingly reduce their energy consumption as measured by TPES while outsourcing energy consumption to other countries by importing energy embodied in products and services. The energy used to produce these products or enable these services is, however, part of the producing country’s TPES [45].



While production-based metrics are widely available for most countries through the IEA, international data availability is limited for consumption-based metrics [46,47], and mostly countries from the Global North are covered by EF studies [48]. Non-monetary consumption, most prevalently traditional biomass for cooking not bought on the market in low-income countries, presents a further accounting challenge in energy footprinting [48]. Footprint calculations require more data since trade flows must be modeled using input-output (IO) models, and calculations are not standardized (e.g., using different IO models), which can lead to studies calculating significantly different footprints for the same country, thereby limiting inter-study comparability [46]. Furthermore, issues of double accounting are prevalent but can be avoided [49]. Footprint data years typically lag behind more than TPES [46].





4. Development of the Field


Studies examining the relationship between energy use and human well-being date back to the 1970s. Gross Domestic Product (GDP) or Gross National Product (GNP) served as the dominant proxy for measuring well-being at that time [50]. However, the limitations of using GDP or GNP as a well-being indicator had already been recognized, and alternative ways to measure well-being and its relationship to energy use had started to emerge. Prior to the 2000s, research studying the relationship between energy use and well-being was relatively scarce, with only a limited number of studies published [51,52,53,54,55,56,57]. The earliest study identified for this paper was conducted in 1974 when Mazur and Rosa [53] studied the relationship between energy use and 27 quality of life indicators—economic and non-economic—across 55 countries. Starting from the 2000s, a modest increase was observed in the number of studies exploring this relationship, but it was not until around 2010 that a significant surge in publications took place.



Many studies highlight differences in the relationship between energy consumption and well-being between developed and developing countries. In developing countries with lower per capita energy levels, increased energy consumption is associated with a significant improvement in well-being. However, developed countries with higher levels of energy use often exhibit diminishing returns beyond a certain level of energy use e.g., [47,58,59]. This phenomenon is called a “plateau” [60] or more frequently described as “saturation” [59] in the literature.



The majority of earlier studies examining the relationship between energy consumption and well-being were cross-sectional analyses, e.g., [53,56,59,61,62,63]. While some earlier studies did consider multiple points in time [57,60], Steinberger and Roberts [64] performed novel longitudinal analyses spanning the years 1975 to 2005 in 2010. The dominant energy indicator in research exploring the relationship between energy use and human well-being is TPES. However, due to the criticism TPES has faced in today’s globalized world, there has been an increased interest in TPEF in more recent studies [42,65], which have also introduced the concept of energy sufficiency [47,58].



The most recent development of the field, which has taken place after 2020, has been the increase in studies exploring the relationship between household-level energy use and well-being, deviating from the predominant country-level research found in the vast majority of the literature [13,48,66]. These studies highlight the unequal distribution of energy use within countries. Specifically, those with high income levels and well-being are shown to drive excessive energy consumption [13]. They also emphasize the importance of providing access to collective provisioning systems in developing countries, suggesting that it holds greater significance for household need satisfaction than individual income or energy consumption [48,66].




5. Review Process


After an exploratory manual review, the scientific literature database Scopus was used to identify articles discussing the relationship between energy and well-being. The energy-related terms used for the search queries were ‘energy demand’, ‘energy use’, ‘energy consumption’, ‘energy footprint’, ‘primary energy’, and ‘final energy’. The well-being-related terms used were ‘well-being’, ‘happiness’, ‘life satisfaction’, ‘human development’, ‘welfare’, ‘human needs’, and ‘quality of life’. The Boolean search string used for the Scopus query was “TITLE-ABS-KEY ((“energy demand” OR “energy use” OR “energy consumption” OR “energy footprint” OR “primary energy” OR “final energy”) AND (“well-being” OR happiness OR “life satisfaction” OR “human development” OR welfare OR “human needs” OR “quality of life”)) AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”))”. The search was limited to articles and review papers in English and was performed in April 2023. It was conducted within the article title, abstract, and keywords, and initially yielded 2466 articles, which was reduced to 2455 after removing articles without abstracts (see Figure 2). Only papers released from 2000 onwards were considered for the final selection.



The query results, including article title, keywords, and abstract, were used as inputs for the machine learning tool ASReview, which uses an active learning language-based machine learning model to facilitate the reviewing process [67]. Initially, the model was provided with three relevant and three irrelevant articles that had already been identified during the initial literature review. Through continuous evaluation of relevant and irrelevant abstracts by the reviewers, the model was trained, with it providing the most relevant remaining article from the remaining set of articles. The screening of abstracts was stopped after encountering thirty consecutive irrelevant articles, leading to 284 abstracts being reviewed. Fifty-nine articles were deemed relevant in ASReview based on the abstract.



To be included in the analysis, a paper had to investigate the quantitative relationship between energy use and well-being specifically. Furthermore, the analysis required the energy use component to encompass all energy use, irrespective of whether a consumption- or production-based metric was utilized. As a result, papers focusing solely on energy consumed within the house or in transport were excluded. Additionally, the selected papers had to examine historical data—future scenario analyses were not considered. Papers that solely employed GDP as a proxy for well-being were excluded from the analysis. After evaluating the papers beyond the abstract, thirty-four articles met the inclusion criteria and were coded.



The coding sheet consisted of information about the location and spatial level of the study as well as detailed information about the energy and well-being indicator/s being used in the study. Additionally, it incorporated the study’s objectives, key findings, analysis method, policy relevance, recommendations, and potential avenues for further research if indicated within the study.



The relationship between energy use and well-being has received increasing attention in the scientific community in the last five years. This is shown by an increasing number of publications included in our systematic review from 2000 onwards (see Figure 3).




6. Results: Main Conceptual Differences between the Studies


6.1. Top-Down vs. Bottom-Up


6.1.1. Top-Down


A main conceptual difference between studies is the perspective they take, with the vast majority (29 of 34, see Table 1) taking a top-down (TD) angle. Generally, TD and bottom-up (BU) studies use fundamentally different approaches, both regarding the indicators used as well as data sources and analysis methods. TD studies use country-level data and, with one exception [68], look at multiple countries to establish relationships between the chosen energy and well-being variables. Due to the nature of the data being used, TD studies capture the energy used by all those using the area, not only residents. There is, therefore, no direct connection between the energy use of the residents and their well-being in such studies, which separates them from BU studies. Some TD studies only look at a single data year, e.g., [47,59,65] while most use panel data covering up to 30 years, e.g., [69,70,71] to assess changes over time, first recommended by Mazur and Rosa [72]. A few studies also use multi-year averages [35,73].



The overwhelming majority of TD studies provide evidence for a positive relationship between energy use and well-being, using a wide variety of measures of well-being and energy use [35,41,42,47,58,59,61,64,65,72,74,75,76,77,78,79,80,81,82]. Most also report diminishing marginal gains in well-being with increasing energy use—a saturation effect—resulting in negligible increases in well-being at high levels of energy use [35,41,42,47,58,59,61,64,65,72,74,75,76,77,78]. Akizu-Gardoki et al. [65] question whether the relationship is monotonically increasing and theorize the existence of a well-being turning point, but cannot provide conclusive evidence thereof.





 





Table 1. The papers included in the review with selected key information.






Table 1. The papers included in the review with selected key information.





	Author
	Year
	Spatial Level
	Number of Countries/States/Counties
	TD/BU *
	Energy

Indicator
	Well-Being Indicator
	Well-Being Indicator Objective/Subjective





	El-Ghannam [83]
	2002
	country
	103
	TD
	TPES
	Composite indicator: (1) Infant mortality rate; (2) Literacy rate; (3) Life expectancy at birth
	objective



	Dias et al. [61]
	2006
	country
	not stated
	TD
	unclear
	(old) HDI
	objective



	Martínez and Ebenhack [59]
	2008
	country
	120
	TD
	unclear
	HDI
	objective



	Steinberger and Roberts [64]
	2010
	country
	80–110
	TD
	TPES
	3: Life expectancy; Literacy; HDI
	objective



	Mazur [72]
	2011
	country
	21
	TD
	TPES
	13: Life expectancy; Infant mortality rate; Physicians and hospital beds/cap; Rate of enrollment in college; Internet users/cap; Fixed and mobile phone subscribers/cap; % households with television; Passenger cars/cap; GDP per capita; Male suicides/cap; Divorce rate; % population satisfied with their life
	objective and subjective



	Pasten and Santamarina [74]
	2012
	country
	118
	TD
	TPES
	QoL index: (1) Life expectancy at birth; (2) Mean years of schooling
	objective



	Ouedraogo [84]
	2013
	country
	15
	TD
	unclear
	HDI
	objective



	Jorgenson et al. [69]
	2014
	country
	12
	TD
	TPES
	Life expectancy at birth
	objective



	Ugursal [75]
	2014
	country
	not stated
	TD
	unclear
	HDI
	objective



	Lamb and Rao [76]
	2015
	country, region
	67
	TD
	final energy consumption
	2: Composite indicator: (1) Access to improved sanitation facilities; (2) Access to household electricity; (3) Access to improved water source; (4) Adequate nourishment; (5) Access to education; (6) Survival rate to 5 years; Life expectancy at birth
	objective



	Arto et al. [42]
	2016
	country
	40 + rest of world region
	TD
	TPEF and TPES
	HDI
	objective



	Ribas et al. [85]
	2017
	country
	118
	TD
	TPES
	Inclusive Wealth Indicator
	objective



	Akizu-Gardoki et al. [70]
	2018
	country
	126
	TD
	TPEF
	HDI
	objective



	Nadimi and Tokimatsu [77]
	2018
	country
	112
	TD
	TPES
	Linear QoL index: (1) Mean years of schooling; (2) GDP/cap; (3) GNI/cap; (4) Infant health rate; (5) Life expectancy at birth; (6) Improved water access
	objective



	Nadimi and Tokimatsu [78]
	2018
	country
	112
	TD
	final energy consumption
	Linear QoL index: (1) Mean years of schooling; (2) GDP/cap; (3) GNI/cap; (4) Infant health rate; (5) Life expectancy at birth; (6) Improved water access
	objective



	Afia [79]
	2019
	country
	47
	TD
	unclear
	Happiness level
	subjective



	Liu and Matsushima [73]
	2019
	country
	66
	TD
	unclear
	8: HDI; Gender Inequality Index; Corruption Perceptions Index; Environmental Performance Index, Education Index; Life expectancy at birth; Total unemployment rate; Under-five mortality rate
	objective



	Tran et al. [9]
	2019
	country
	93
	TD
	TPES
	HDI growth rate
	objective



	Akizu-Gardoki et al. [65]
	2020
	country
	176
	TD
	footprint (primary)
	5: HDI (also its disaggregated components); Gallup Global Wellbeing; Happy Planet Index; Sustainable Society Index; Better Life Index
	objective and subjective



	Long et al. [86]
	2020
	province
	30 provinces
	BU
	unclear
	Normalized index: (1) Population mortality; (2) Infant mortality; (3) Maternal mortality
	objective



	Makarova et al. [80]
	2020
	country
	77
	TD
	TPES
	HDI
	objective



	Okulicz-Kozaryn and Altman [35]
	2020
	country, state, county
	not stated
	TD
	TPES
	Subjective well-being
	subjective



	Torchio et al. [71]
	2020
	country
	6
	TD
	TPES; (TPES-AFC **)
	HDI
	objective



	Baltruszewicz et al. [66]
	2021
	household
	1
	BU
	footprint (final)
	4: Health (malnutrition) status of children; Access to clean water; Education; Nutrition
	objective



	Baltruszewicz et al. [48]
	2021
	household
	3
	BU
	footprint (final)
	4: Access to modern cooking fuels; Access to clean water; Education; Nutrition
	objective



	Frigo et al. [41]
	2021
	country
	not stated
	TD
	TPES
	HDI
	objective



	Vogel et al. [47]
	2021
	country
	106
	TD
	final energy consumption
	6: Life expectancy at birth; % meeting dietary energy requirements; % access to improved water source; % access to improved sanitation facilities; Education index; Abundance of income shortfall
	objective



	Banday and Kocoglu [81]
	2022
	country
	20
	TD
	TPES
	HDI
	objective



	Jackson et al. [58]
	2022
	country
	140
	TD
	TPES
	9: Access to electricity; Air quality; Food supply; Gini coefficient; Happiness; Infant mortality; Life expectancy; Prosperity; Sanitation
	objective



	Li and Chen [87]
	2022
	household
	25 provinces
	BU
	energy use from energy expenditure data
	Life satisfaction
	subjective



	Musakwa and Odhiambo [68]
	2022
	country
	1
	TD
	unclear
	HDI
	objective



	Balsamo et al. [82]
	2023
	country
	183
	TD
	unclear
	2: HDI; Coefficient of Human Inequality
	objective



	Baltruszewicz et al. [13]
	2023
	household
	1
	BU
	footprint (final)
	7: Mental Health Index; Physical Health Index; Loneliness Index; Subjective Well-Being Index; Subjective Financial Situation; Energy Poverty; Above the poverty line
	objective and subjective



	Piao and Managi [88]
	2023
	country
	37
	BU
	energy use from energy expenditure data
	2: Life satisfaction; Happiness
	subjective







* top-down/bottom-up; ** energy available for final consumption.











Most studies that show a saturation effect propose a relationship with strictly decreasing marginal benefits of increased energy use (e.g., using a logarithmic function). Nadimi and Tokimatsu [77,78] propose using a sigmoid function, where they found that in pre-developing countries with very low energy use, an increase in energy use would not yield high gains in quality of life. Many papers also draw attention to significant inter-country variance in well-being for a given level of energy use [35,47,59,74,75,80], arguing that energy use is a necessary but not sufficient condition for need satisfaction and that provisioning factors play an important role that is typically overlooked, leading to overestimating the importance of energy use [47]. An implication of the observed variance is that countries “transform” energy into well-being at different levels of efficiency [59,74]. Looking at outliers can, therefore, provide insights into what (not) to do with regard to energy policy [59].



However, there are also studies that do not find an effect of energy use on well-being, most notably Tran et al. [9]. They attempted to isolate a causal relationship, whereas many other studies present correlations without making causal claims. They found no significant impact of energy consumption on the HDI in the short run for a global country sample, including developing and developed countries. Generally, there are calls for more research investigating the causal relationship [9,81]. Other studies focusing on certain country groups find no significant relationship (see Section 6.2). As a country’s energy use increases, the effects on well-being arguably materialize with some time lag. Martínez and Ebenhack [59] point out this issue with regard to energy use and HDI, stating that comparing data for the same data year may not be useful. We encourage further research on this time lag.




6.1.2. Bottom-Up


In contrast to TD studies, BU studies model energy use and associated levels of well-being at the household level, requiring survey data, including household expenditure, to calculate energy use and well-being data. Elements of TD studies can be included in a BU framework as shown by Li and Chen [87], who consider macro factors such as GDP alongside micro factors such as per capita income.



Some BU studies use separate datasets for expenditure surveys (used for energy use calculation) and well-being: Due to a lack of a common household identifier, Baltruszewicz et al. [13] perform statistical matching on common variables to link the datasets. Other BU studies use datasets that include both expenditure and well-being data points [66], eliminating statistical matching as an error source. Okulicz-Kozaryn and Altman [35] call for collecting energy use data when conducting surveys for subjective well-being (SWB) data. Generally, thus, BU studies are often limited by data availability, resulting in issues due to misaligned datasets and data points not being available for all households in the sample—especially for studies covering multiple countries [66]. Compared to TD studies, BU studies have the issue of representativeness of the sample of the population analyzed when scaling the results to the entire population. The dataset used by Baltruszewicz et al. [66] includes demographic weights that allow scaling up results to the entire population. However, these weights are another potential error source. Using more than one survey dataset to calculate energy use and/or well-being and comparing the results, as done by Baltruszewicz et al. [13], can help to show internal validity.



In line with most inter-country findings from TD studies, Baltruszewicz et al. [13] show that the relationship between the household-level EF and well-being in the United Kingdom also follows a saturation curve, with diminishing gains in well-being as the EF increases. However, the data show that high well-being is also attainable at low levels of energy use, suggesting that other variables such as provisioning systems and socio-economic factors may be central. Furthermore, this shows that it is difficult to establish a specific energy threshold required for the attainment of high well-being. In a literature review on energy sufficiency, Burke [2] defines energy sufficiency as being measured on the aggregate societal level, which, in light of the results discussed above, may not always be a helpful definition. Future BU studies can contribute to the understanding of the importance (or non-importance) of energy use on well-being on the micro-level to further the discourse on energy sufficiency thresholds.



TD studies can only analyze country-level aggregate data. In contrast, BU studies can link energy use to well-being levels on a household scale, thus uncovering patterns hidden on the country level. Referring to the Energy Services Cascade, these studies usually do not investigate the relationship between functions enabled by energy and respective benefits for well-being [39]. For example, Baltruszewicz et al. [48] find that final EFs in the housing domain in Zambia, Nepal, and Vietnam decrease when basic well-being outcomes are attained, which can be attributed to households with lower well-being using traditional biomass for cooking. In comparison, households with higher well-being have shifted to so-called modern, more efficient fuels such as gas. Meanwhile, the footprint associated with transport and indirect energy (i.e., energy embodied in products and services) increases when households attain basic well-being outcomes. These findings show the value of disaggregating energy consumption data by domain when linking them to well-being, contradicting the common narrative from most TD studies that more energy is required to improve well-being. The findings are also in line with findings from a TD study on 15 developing countries, where a negative relationship between energy use and HDI was found, explained by the effect of the use of traditional biomass [84].



While most BU studies focus on one or a handful of countries, Piao and Managi [88] conduct a survey with more than 100,000 observations across 37 countries to investigate, amongst others, the relationship between energy use and SWB. They show that, generally, increased energy use is associated with higher SWB, with the effect being weaker in high-income countries. On the country level, they show a positive relationship in 27 out of 37 countries, with no significant relationship in several high-income countries, which they attribute to these countries having reached a saturation point.





6.2. Spatial Scope


Due to their reliance on household-level survey data, BU studies typically only cover a single country or a handful of countries. In contrast to TD studies, individual household energy use can be linked to other characteristics identified in the survey, including location. Thus, spatial disaggregation is enabled by the granularity of the data. For BU studies, Baltruszewicz et al. [66] call for more studies on often understudied countries in the Global South. Generally, many authors call for studying different country contexts [71,73,80,81,87].



In addition to energy use, BU studies also identify well-being indicators on the household level. In contrast to TD studies, where only aggregate country-level energy use and well-being can be analyzed, BU studies can link and analyze these metrics on a micro level. BU studies, therefore, enable linking disaggregated energy use with well-being indicators, taking household-level socio-economic variables such as income as well as geographical factors into account. This makes BU studies a powerful tool to estimate the energy requirements contained in energy services. TD studies, on the other hand, can provide guidance for macro-level policies [44]. Both perspectives can show inequality, with TD studies capturing inter-country inequality and BU studies showing inequality within countries.



While some TD studies only look at countries within certain areas of the world (e.g., by development level [72,81,83,84], regional country groups [69,71], or even a single country [68]), many studies look at more than 100 countries. Some studies perform further analyses for subsamples, estimating separate coefficients for country groups (e.g., OECD/non-OECD [73], excluding outliers [65], or self-constructed country groups [59]). Tran et al. [9] suggest exploring transitional economies as a group, and many studies recommend further research for other countries [66,69,72,73,80,85,87], and taking the country-specific climatic context into account [72,80].



There are TD studies looking at a non-global sample that do not find a positive relationship: Okulicz-Kozaryn and Altman [35] find no significant relationship between SWB and energy use amongst US states, and Mazur [72] find insignificant correlations between energy use and various QoL indicators in developed countries using time series data for three decades. Both studies, therefore, analyze countries and regions that, in a typical global TD study, would have been at the saturated part of the relationship. At this point, well-being gains for additional energy use are small/non-existent, thus providing further evidence for the saturation phenomenon [35,72]. Musakwa and Odhiambo [68] find that energy consumption does not have an impact on human development in South Africa using a longitudinal TD approach.



Many studies include more than 100 countries in their analysis. Still, some do not specify which countries are included, and some do not even state the number of countries. Some indicate that they include countries based on data availability, e.g., [82,85]; Others define a minimum population threshold for a country to be included in the sample [72,74]. While not all studies include a list of included countries, we compiled and mapped data from all 10 TD studies with a global panel of countries (i.e., studies that do not limit their scope to a particular group of countries) that explicitly list the countries included in the assessment [9,64,65,70,73,77,78,80,82,85], see Figure 4. It is apparent that especially Sub-Saharan African countries are underrepresented in global analyses, which may skew results. Future TD global research should strive to use comprehensive datasets and discuss the implications of country coverage.



Beyond what is visible on the map, many small countries are often excluded from analyses. The average number of studies covering Small Island Developing States (SIDS) is only 2.7, with the overall average being 6.0. However, in how far small nations such as SIDS affect the overall results depends on whether the regressions are unweighted or performed with population weights. This is especially important since small countries often show patterns of energy use and well-being that differ from the global trend [64]. When regressions are used for descriptive statistics, weighting is required to achieve representativeness of the target population. In analyses that aim at establishing causal relationships, the question of whether or not to apply weights becomes more nuanced [89].



Steinberger and Roberts [64] justify applying population weights by arguing that large countries better represent global patterns, in part because small countries could import energy-intensive goods and services. While applying population weights does mitigate this issue, it arguably does not solve it at its root. Rather, the rationale presented is a reason to switch to a consumption-based energy indicator (see Section 6.3). Generally, however, performing both weighted and unweighted regressions is considered good practice. Contradictions between the two can be a red flag that the chosen specification for the regression is not appropriate [89]. Steinberger and Roberts [64] perform their regressions with and without weights and discuss the results, finding that the goodness-of-fit parameter   R 2   is significantly lower without applying population weights, which they attribute to many smaller countries deviating from the global trend. Akizu-Gardoki et al. [65] also find that small countries with high levels of energy consumption significantly affect their findings when using an unweighted regression, leading to an apparent negative marginal effect of energy consumption on well-being at high levels of energy consumption which disappears when using population weights.




6.3. Energy Indicator


In TD studies, the energy indicator is typically TPES per capita, and data from the IEA are used. The energy indicator used was not specified in around a third of TD studies reviewed. While most studies that did not discuss the energy indicator in detail probably used TPES per capita, it is important that studies specify the type of indicator used. This is paramount to be able to interpret the results correctly and compare different studies’ results.



Authors using primary energy metrics, which include transformation and distribution losses, draw attention to the importance of technological advancements in energy transformation and transmission and how they relate to human well-being [64,85]. Authors using final energy argue that final energy is closer to the point of consumption and, therefore, a better proxy for needs satisfaction [13,48,66,76]. Most authors neither discuss their choice between primary or final energy nor the implications thereof for interpreting the results.



Martínez and Ebenhack [59] find that the correlation between TPES and HDI improves when just considering energy from modern sources, thereby questioning the importance of traditional biomass as an explanatory variable for well-being. This is in line with a TD study covering 15 developing countries, which finds no short-term effect of energy use on HDI and a negative long-term effect. They attribute this to the prevalent use of inefficient biomass in the country sample. They find a positive relationship between electricity use and HDI [84], underlining the importance of energy quality rather than quantity [48,84]. In contrast to this, Steinberger and Roberts [64] perform their analyses on a global sample, both including and excluding traditional biomass and waste combustion, and do not find a significant difference.



The clear majority of the papers, 28 of 34, only use territorial energy metrics, mostly TPES (this reasonably assumes that studies that do not specify the energy metric used employ a territorial metric). While some studies acknowledge the limitations of TPES, namely not including energy embodied in internationally traded goods, the vast majority of studies do not critically reflect on their choice of energy indicator. Future studies should include a discussion of the implications of choosing a territorial or consumption-based energy indicator and take it into account when evaluating their data. At the same time, the importance of a consumption perspective has been stressed for some time in the literature [64]. CBA as operationalized by the TPEF has been first used by Arto et al. [42] in the context of well-being and has seen increasing use in recent years: In the three TD-footprint studies, taking a global perspective on the country level, the TPEF per capita per year is calculated using IEA TPES data and different IO databases (World Input-Output Database [42], Eora26 [65,70]). Some studies resort to using production-based metrics because international energy footprint data are not readily available [47].



Arto et al. [42] perform regressions with both TPEF and TPES and find positive relationships to the HDI for both, but stress that the goodness of fit is higher for TPEF and that, for a given level of development, energy requirements are higher when measured as TPEF. BU footprint studies typically investigate a single or a handful of countries on the household level, which is enabled by combining representative household survey data for expenditure with input-output databases (Global Trade Analysis Project (GTAP) [48,66]; UKMRIO and EXIOBASE [13]), have only been published in recent years. BU studies that use expenditure data to infer energy use require accurate pricing information for accurate results, which can be challenging to obtain and can potentially skew the results [88].




6.4. Well-Being Indicator


The vast majority of TD studies employ an objective measure of well-being, with the majority using the HDI as either the only or one of the well-being indicators used. Akizu-Gardoki et al. [65] also analyze the three components of the HDI separately, investigating the contributing factors individually. Generally, studies that do not use the HDI often use similar objective measures of well-being to the components of the HDI, notably indicators for life expectancy and education. While some TD studies that use multiple indicators of well-being analyze the relationship separately for each indicator, e.g., [58,64,73], others either use a pre-existing composite indicator such as the HDI or construct their own composite indicator [74,76,77,78,83]. Authors computing their own well-being indicators are strongly encouraged to provide comprehensive insights into the calculation methodology. Furthermore, clear information on data sources and data years is important, regardless of the well-being indicators used. Due to the complex nature of measuring well-being, authors suggest iterating on studies using different measures of well-being [39,65,71,73,85].



Most BU studies build on the Theory of Human Needs proposed by Doyal and Gough [90] and employ a composite, self-calculated, eudaimonic indicator of well- being [13,48,66]. While some BU studies use hedonic well-being indicators [87,88], some authors argue that eudaimonia should be the preferred well-being framework in this context [39]. Depending on the survey setting, self-reporting, and selection biases may also systematically skew results [66,88], and depending on how the survey was disseminated, data may also be subject to selection bias, for example by using an internet-based survey in a lower-income country, thereby skewing the sample to wealthy households. Face-to-face interviews can be used to mitigate this issue [88].





7. Discussion


Understanding the relationship between energy use and well-being is key to effectively mitigating anthropogenic climate change and promoting human development in our current fossil-based energy system. This review examined the current state of the literature, focusing on and discussing methodological differences between study designs. While the relationship between energy use and well-being has been subject to scientific inquiry since the 1970s, literature prior to the 2000s was scarce. Since then, and especially since the 2010s, the number of TD studies has rapidly increased, primarily using TPES and the HDI. BU studies and CBA have only become mainstream in the late 2010s. Therefore, most studies considered in this review take a TD perspective—correlational studies on the country level. Historically, these have used production-based energy metrics, but recent studies increasingly employ footprinting methodology to account for the energy embodied in international trade. Most TD studies use an objective measure of well-being—namely the HDI—while BU studies use both objective and subjective well-being indicators on the household level. TD studies typically find a positive relationship between energy use and well-being; most confirm the existence of a saturation effect, where marginal increases in energy use yield high gains in well-being at low levels of energy use and low to non-existent gains at high levels of energy use. Significant variance exists in the level of well-being for a given level of energy use on the country level, and not all studies find statistically significant relationships. The shift from inefficient, traditional biomass to modern cooking fuels explains that some studies looking at low-income countries/households find a negative relationship between energy use and well-being, thereby questioning the explanatory value of traditional biomass for the relationship in question. The few BU studies overall support the hypothesis of a positive relationship and a saturation effect but offer more granular insights on the household level and disaggregated by energy use domains.



There is an abundance of TD country-level correlational studies showing the historical relationship between energy use and well-being. We agree with Vogel et al. [47] in that there is greater value in longitudinal studies than further examinations of the relationship at a single point in time. Because most but not all studies show strictly decreasing marginal utility, we suggest future TD studies to explore the shape of the relationship further, as some studies also propose a sigmoid function to describe the relationship best. As countries with low energy use are also currently underrepresented in these studies, including them in future analyses is vital.



Many studies provide evidence for the existence of a saturation effect, also on the country level, which provides important insights into the potential of energy sufficiency strategies that are urgently needed to tackle the climate crisis. BU studies can not only link energy use and well-being data on the household level and thus establish a closer link—they also enable a more granular understanding of the relationship by energy domain. This is vital since aggregation may hide trends in the underlying domains. The BU literature has only recently emerged, and there is much room for studies to investigate other country contexts as well as furthering the methodology. Following the country classification introduced by Nadimi and Tokimatsu [77], BU studies can inform different types of energy policy depending on the country context: In low-income countries, BU studies can investigate the energy associated with increased well-being by domain on the household level. These insights are vital to enabling poverty reduction. In countries with medium incomes, BU studies can inform eco-efficiency policy by highlighting sectors where energy can be “transformed” into well-being more efficiently, thus reducing energy use for a given level of well-being. According to studies using country-level data, some high-income countries may have already reached a saturation point where additional energy use is no longer associated with increased well-being. There, BU studies can draw attention to eco-sufficiency, thereby reducing excess energy use that does not contribute to improving well-being. We thus see great potential in exploring the relationship in novel country contexts using a BU framework and CBA.



Most existing studies use production-based energy metrics, thereby ignoring the impact of international trade flows. We recommend using footprinting methods where possible. Furthermore, we find that it is common for authors to not properly disclose the energy metric used in their analysis, and barely any studies using TPES mention that it does not include energy embodied in international trade. Explicitly stating the energy metric used is not only vital for reproducibility—it is also the prerequisite to critically discuss results and acknowledge limitations. Footprinting, because it requires IO models, relies more heavily on assumptions made by researchers and means that results can vary between studies. Furthermore, international EF data availability is currently limited. We, therefore, encourage stating the assumptions made in footprinting calculations to increase comparability between studies. We recommend iterating on existing TD studies using CBA, especially ensuring to choose IO models that do not systematically exclude countries from the Global South.



In BU studies, using a footprinting approach combined with household-level survey data can establish a closer link between energy use and well-being by differentiating between domains and disaggregating by socio-economic characteristics. Such studies can investigate characteristics linked to both excessive energy use and energy poverty. Energy poverty exists globally, with affluent regions facing affordability issues [13,91], while developing nations deal with limited access to clean energy [92]. Factors such as ethnicity, age, socio-economic status, and gender have been associated with energy poverty and lower well-being outcomes [13], often driven by a lack of distributional and procedural injustice which do not recognize these vulnerable groups across and within nations, where these factors tend to be overlooked in environmental policy and research [93,94]. By connecting these societal disparities in energy use to well-being attainment, such studies can enable tailored interventions to achieve more equitable access to energy resources in diverse socio-economic contexts [13,93]. The importance of such studies is only enhanced in the face of rapidly changing geopolitical energy contexts (e.g., the energy crisis since the beginning of the war in Ukraine) [95] and as we seek to achieve a safe—and just—energy transition [96], both of which have the potential to exacerbate energy poverty across consumption domains if not well managed. Although not our study’s primary focus, energy poverty is a crucial, complex consideration for the energy-use and well-being relationship.



Calculating EFs with household survey data are complex and requires further assumptions, as expenditure data are typically used. This is especially difficult in country contexts where non-monetary energy consumption, most notably self-collected traditional biomass, is prevalent. As studies have raised questions regarding the importance of traditional biomass in explaining well-being, future studies should consider comparing their results with and excluding traditional biomass in their energy metric. We recommend, where possible, collecting well-being data along with household expenditure surveys to avoid the need to statistically match datasets in BU studies. Iterating on studies using different measures of well-being can make findings more robust, and critically discussing the limitations of said measures is vital to correctly interpreting a study’s findings. When calculating a new measure of well-being, it is essential that authors clearly state the calculation methodology. For TD studies that currently often use the HDI, we recommend moving beyond the HDI as the sole well-being indicator and incorporating other indicators that do not directly include GDP.



Looking beyond the narrow scope of this review, other strands of literature have identified so-called provisioning factors—socio-economic factors that are relevant for the provisioning of goods and services—that may explain differences in well-being among countries with similar levels of energy use that many studies in this review identified, e.g., [47]. It is furthermore important to remember that the studies included in this review do not consider the relationship between the energy services (what is actually demanded) and well-being, but rather the energy that enables said services through functions. An emerging field of studies, e.g., [97] not considered in this review attempts to operationalize the concept of energy services, which is also better suited to draw up future energy use scenarios that ensure well-being. It is furthermore vital to recognize that future energy use and well-being pathways are not constrained to patterns found in historical data. These future scenarios, however, are best created by understanding historical data through BU methodology and then drawing up scenarios based on the insights gained, also considering the role of provisioning factors.



Limitations


While this paper aims to provide a comprehensive overview of the current state of the literature that explores the relationship between energy use and well-being, we also acknowledge its limitations. As a review, it has inherent limitations that come with both traditional and systematic literature reviews. Capturing all relevant articles exploring the relationship at hand is challenging as the vocabulary used is inconsistent. The query chosen was therefore designed to yield a large number of results, only a few of which were actually relevant to the review. We chose a machine learning-aided approach, which allowed us to rapidly screen the most relevant articles from the query. This is subject to error, as it is possible that relevant articles may have never been screened by a reviewer. It is, however, estimated that this error rate is no greater than that of a human reviewer [67]. While this review briefly covers well-being metrics, we refer to Li and Chen [44] for a recent in-depth overview. We draw attention to the questionable role of traditional biomass as an explanatory variable in the relationship, but did not consider literature that examines the relationship between different energy sources (e.g., non-renewable and renewable) on well-being, e.g., [98,99]. While recognizing the importance of this field, the energy production perspective was not considered in this review. Furthermore, an evaluation of the econometric methods used in the papers was beyond the scope of this review. Since the methodology fundamentally differs between TD and BU studies, future studies can evaluate the two separately. Additionally, while we took one approach in our machine learning-based review method, future researchers could use different methods, such as topic modeling, to further cluster and analyze the concepts presented in this paper. Such approaches could model how these topics are approached both spatially and temporally.





8. Conclusions


This work performed a machine learning-aided systematic review of studies that connected energy footprints and human well-being, eudaimonic and hedonic. Reviewing 34 articles, most found that a saturation effect exists for energy consumption where the marginal benefits of increased energy consumption decline. Of the two primary approaches that studied this topic (TD and BU), we found that BU studies using footprinting methods get closer to energy services than country-level studies using a production-based energy metric because of their ability to disaggregate energy data by consumption domain within a country and because they account for international trade. However, most of the studies reviewed took a TD approach and used production-based energy metrics, thus leading us to conclude that there is a need for more BU studies in different country contexts to be able to understand the household-level processes around energy use and well-being. We believe the development of more such studies could aid in crafting energy policy that can more effectively address the distributional aspects of energy poverty, hopefully serving to mediate between the potentially conflicting goals of human development and staying within planetary boundaries.
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