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Abstract

Throughout history, more e¤ective harnessing of energy resources has signi�cantly

improved human conditions. Energy, now essential for virtually every activity, has been

crucial to satisfy basic and complex human needs. Nevertheless, the current amount of

energy consumption in the world is already posing serious threats to human life from

numerous socio-environmental impacts associated to it.

Under this usual yet critical context, understanding the energy-well-being link is

one, if not the most essential topic in the modern sustainability agenda. Low energy

consumption with higher levels of well-being is the vision of a sustainable lifestyle, but

steps towards such a vision are insu¢ cient, mostly due to the poor understanding of the

energy-well-being link and the di¢ culties associated to its study.

Although previous research related to the link can be tracked as early as the mid-

19th century, in the literature is di¢ cult to �nd explanations on how exactly energy use

contributes to well-being levels. Novel methods considering numerous variables in the

relationship, or novel concepts capable to bridge both ends closer are two aspects barely

explored, but mostly needed to advance such understanding. The contribution of this

thesis is inspired by this necessity, and therefore, it is aimed at analysing the connection

between human well-being and energy use using two approaches. The �rst consists of

a country-based holistic assessment of three aggregated comparative-performance-based

indices. This approach in a macro perspective identi�es key factors explaining higher well-

being indices mixed with low energy use and environmental impact. The second, a more

micro-scale analysis, is concerned with how both dimensions (well-being and energy use)

get linked together through the concept of energy services at households. Both parts are

elaborated focused on Mexico as a case study to more speci�cally contextualise �ndings.

The results in the �rst analysis point to the following conclusions: First, that more

elements relate to higher well-being levels as seen through aggregated indices of alterna-

tive well-being measures compared to economic ones. Climate, region, religious group,

language, age of population, a uence level, and work-life balance associated with higher

xii



e¢ ciency of aggregated indices of alternative measures of well-being (i.e. human develop-

ment index and subjective well-being with total primary energy supply and carbon dioxide

emissions from energy use). In contrast, only work-life balance and to a lesser extent geo-

graphic and demographic elements associated with higher production e¢ ciency (i.e. GDP

per capita aggregated with total primary energy supply and CO2 emissions from energy

use).

Second, that for the case of Mexico to attain higher levels of such e¢ ciencies, a re-

focus on an alternative development path divergent from the idea of increasing economic

activity is needed. This path should consider the in�uence of cultural elements in more

local contexts, given that there are considerable internal di¤erences in terms of climate,

geography and local customs re�ecting values in Mexico. Technological improvements for

more e¢ cient use of energy should be promoted taking into account all these aspects.

However, the most important of the analysed elements could be lifestyle. In particular,

the amount of leisure time to improve work-life balance of the Mexican population. As-

sociated with better e¢ ciency levels holistically in all the aggregated measures, the hours

devoted to leisure should be increased as well as the activities alternative to consumption

for the population to engage with. This would also require the creation of the necessary

infrastructure and incentives among agents involved in such a change.

On the other hand, energy and well-being analysed more locally through the concept

of energy services at Mexican households concluded the following:

First, that the correlation between six energy services (communications, entertain-

ment, food preservation, illumination, temperature regulation and transport) and (subjec-

tive) well-being levels ranged between 0.3 - 0.4, observing certain di¤erences among the

two income settings selected for the study.

Among these energy services, transport and temperature regulation were the most

strongly correlated to increases in well-being levels (regardless of income level), followed

by entertainment (being more important in the middle income setting), and lastly illumi-

nation, communications and food preservation.

xiii



Further results from principal component analysis in conjunction with these correla-

tions suggested that improvements on energy services occur in blocks comprising relevant

and rather irrelevant elements for well-being. Energy services, in general, seem to be linked

more strongly at middle incomes compared to the lower ones.

By including predictors related to material improvements in the relationship, it was

found that in the low-income location, basic infrastructure improvements in the house

such as simple but e¤ective reconditioning of wall and �oor materials are the most e¤ec-

tive aspects to enhance energy services (and ultimately well-being). Promoting access to

"modern" energy would come in second place, and better appliance technology, despite the

large environmental bene�ts, would come third, as it relates less on energy services. Ad-

ditionally, public transport services would also be essential for households in this location.

In contrast, at households in the middle-income region indoor activities progressively

relate to well-being levels, and thus, commodities and better technology become more

relevant aspects. Their linkage to material gains, however, is weaker and it diminishes

more as income further increase. This issue is crucial because promoting "sustainable"

consumption might easily result into tri�ing gains. Thus, alternative strategies to simply

acquiring more e¢ cient commodities are essential, supporting the need for better lifestyles

reported in the �rst part described above.

This dissertation has found that the connection between human well-being and energy

use is determined by a set of geographic, demographic, material and lifestyle considerations

that should be considered in future strategies to enhance well-being levels in Mexico, and

has described in more detailed how exactly does energy and associated material predictors

can contribute to enhance well-being levels in the light of Mexico as a case study.
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Holistic assessments of the linkage between well-being and energy use: studies on

the Mexican case

I. Introduction

1.1 Energy use, human well-being and sustainability

Energy is one of the most essential elements for human life. It is crucial to satisfy

basic human needs, such as shelter, cooking or heating, and for more complex ones. Any

human activity requires energy inputs, and the natural aim of these activities is to improve

the living conditions of individuals. Improving living conditions translate into increases on

human well-being, thus well-being can be regarded as the ultimate element in the overall

chain of energy consumption (Jonsson et al., 2011; Haas et al., 2008; Norgard, 2000;

Kahane, 1991).

Nevertheless, well-being equated solely with consumption as suggested by the neo-

classical economic thought (Mol and Spaargaren, 2000; Vincent and Panayotou, 1997),

contrasts with alternative views on well-being. Some groups de�ne well-being in terms of

objective indicators of quality of life (Veenhoven, 2005; 1996; 1995) and others in more

subjective ones (see Diener et al., 2009 for a review). Both are less directly related to

material use.

In sustainability science, well-being through the "alternative" measures have received

more attention, because it allows to envision higher levels without the need of large amounts

of consumption (Knight and Rosa, 2011; Dietz et al., 2009; Seyfang, 2009; Jackson, 2005;

Prescott and Allen, 2001; Dietz et al., 2001). In addition, a signi�cant body of research

has demonstrated that consumption is a major cause of global environmental degradation,

actually having negative e¤ects on well-being levels (Redclift, 2013; York et al. 2003;

Rothman, 1998).

Under such a context, energy is a major if not the most important element. Besides

being directly used for human needs, energy is involved in all the stages of goods production.
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Yet, at its current scale it is increasingly imposing serious threats to future human life from

the scarcity of fuels (Smil, 2005) and from side e¤ects associated. Social aspects concerning

the production and supply is a major concern (Cravioto et al., 2011b; Higashikura et al.,

2012). Air pollution from burning fossil fuels is another, causing innumerable deaths and

related diseases (Cravioto et al., 2013; Mage et al., 1996; Pope et al., 1995), while fuel

extraction a¤ects ecosystems and local habitats (Tester et al., 2005). On a global scale,

greenhouse gases, which originate in as much as 80 percent from energy use, are already well

con�rmed as one, if not the most, pressing issue for future life (Meinshausen et al., 2009).

Needless to say, high concentrations of these gases give rise to climate change, disrupting

cycles of ecosystems, food production and a large number of associated social impacts

(Rosenzweig and Parry, 1994). Even the damage su¤ered from the loss of ecosystems or

the psychological grief from the destruction of natural aesthetics can be associated with

the excessive use of energy (Brady, 2006).

Given all this, a clear understanding of how exactly energy use contributes to higher

levels of human well-being measured through "alternative" measures is crucial, but re-

search on such direction has received little attention (Steinberger, 2016; Rosa et al., 1988;

Rosa and Machlis, 1983). Investigation on the energy-well-being is increasingly needed

because of many compelling reasons. For starters, higher levels of well-being with low

environmental damage and energy consumption should be aimed as the future vision of a

sustainable human life. This perspective has its roots on the in�uential Brundtland Report

of 1987 that considered sustainability the goal of "meeting the needs of the present without

compromising the ability of future generations to meet their own needs" (WCED, 1987, p.

8). More recently, human sustainability resembles an e¢ cient relationship of high quality

of life with low pressure on nature (Chambers et al., 2014). The Sustainable Develop-

ment Goals embrace such a view, as they propose to have clean and a¤ordable energy (7th

target) capable to enhance well-being levels (3rd target), eradicate poverty and improve

health and education (UN, 2015). Academic research also supports this vision, arguing for

the need to approach develop measurements of energy and well-being rather neglected in

the past literature (Diekmann et al., 2010; Graedel and van der Voet, 2010; Smil, 2005).
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Crucial aspects that current research should begin exploring are numerous. For ex-

ample, the relationship between energy and well-being at multiple levels, contexts, and

through more tractable notions. In addition, a particularly local focus is needed given

the complexity of the scale and the multiple contexts where such link takes place. The

next section will introduce a brief historical summary of multidisciplinary and transdisci-

plinary works related to this topic of research, highlighting their main contributions and

shortcomings.

1.2 Academic research on the energy-well-being link

Although the �rst research on the connections between human aspects and energy

use dates to the middle of the 19th century, the energy-well-being link itself has received

rather little attention in the literature (Knight and Rosa, 2011; Rosa et al., 1988, Rosa

and Machlis, 1983). Social scientists and natural scientists have focused on how energy

penetrates other broad human concepts, gradually shifting to more speci�c notions and

multidisciplinary research.

According to Rosa et al. (1983) the �rst record of academic interest on the e¤ects of

energy use on human well-being dates back to the beginnings of the �eld of sociology:

�Hebert Spencer and Max Weber believed the process of societal advance
and the di¤erences in the advancement could be accounted by the ability to
harness more and more energy for production� (Spencer, 1880 in Rosa et al.,
1988).

As such, energy use was considered the foundation for a broad, though ambiguous,

idea of human progress (Cottrell, 1955; White, 1959, 1949; Mumford, 1967, 1934; Carver,

1924). More modern approaches on speci�c indicators, such as economic development,

human development and well-being were pioneered by this research.

Groups of natural scientists also contributed to the development of early theory,

venturing on the �rst transdisciplinary approaches. Wilhelm Oswald, the 1909 Nobel prize

in chemistry, suggested that the base of all social change was determined by the amount of

�crude energy�transformed into �useful energy�(Ostwald, 1909), stating that �the greater

this relation, the higher the social progress attained�. Physician Sergei Podolinsky and
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later Frederick Soddy, another Nobel laureate, contributed further with a notion typical

in natural science phenomena: the existence of limits to usable energy (Martinez-Alier

and Naredo, 1982; Soddy, 1912). These works could be considered the foundations in

the development of multidisciplinary approaches, greatly in�uencing subsequent economic

theory (Daly, 1991; Lovins, 1977; Georgescu Roegen, 1976, 1971) and concerns on the

material and environmental limits (Dietz et al., 2009; Rees, 1992).

The broad idea of human progress gradually transformed into more operational con-

cepts often turning to economic growth for a concrete measure. These assumed that utility

or consumption were good measures (Schurr and Netscheret, 1960), and such perspective

continues even in more recent studies assuming them in close connection to human well-

being (Naseri, 2000).

In contrast, another group has examined the relationship between energy and well-

being indicators more directly. Among these, Mazur and Rosa (1974) were probably the

�rst to describe that there is a threshold of energy consumption, above which gains on

real well-being decrease in scale. This perspective undermined many of the mainstream

economic rationale that equated well-being with economic growth, and along with grow-

ing concerns on environmental damage (Daly, 1991) and disruptions on energy supply

(Boulding, 1974), it in�uenced more recent multidisciplinary research clearly alluding to

the importance to assess how higher well-being with low energy and environmental damage

might be attained (Steinberger et al., 2016; Lamb et al., 2014; Steinberger et al., 2012;

Mazur, 2011; Knight and Rosa, 2011; Steinberger and Roberts, 2010; Dietz et al., 2009;

Martinez and Ebenhack, 2008; Pasternak, 2000).

1.2.1 Transdisciplinary approaches from engineering. Engineers as part of nat-

ural scientists, although usually less interested with realms beyond the technical, have also

been concerned with how the use of energy relates to well-being levels.

Engineers have typically targeted e¢ ciency and technology in the energy provision

system, and thus have been traditionally less concerned with human-related domains (Smil,

2005, 1994; Tester et al., 2005). Some research, however, has ventured in studying social

implications of e¢ cient energy use. Environmental, economic, political, regulatory or social
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implications of e¢ cient energy use are analysed by Industrial Ecology through approaches

focused on material and energy �ows (Lifset and Graedel, 2002; Erkman, 1997; Jelinski et

al., 1992). These constitute most of the relevant literature describing such implications.

Others refer more directly to the energy-well-being link (Jonsson et al., 2011; Haas

et al., 2008; Norgard, 2000), despite their scope do not cover explanations how energy use

contributes to well-being levels. Yet, some recent approaches have applied methods used in

operations research, which seem to be a fertile ground for integrating multiple dimensions

into aggregated performance indices. Cravioto et al. (2011a) and Ramanathan (2002)

constructed two multidimensional indices of energy, environmental stress and well-being

using economic and alternative well-being indices. Further work is needed, however, in

terms of discussing such approaches with more up-to-date theory.

1.3 Novelty of this thesis

The previous review has shown that research has focused little on the links between

energy use and well-being. Clear understanding of how exactly energy use contributes to

higher levels of human well-being is crucial, but research on such direction has received

little attention. The novelty of this thesis lies in the development of three novel assessments

to understand how energy use contributes to well-being levels at di¤erent scales of analysis.

1.3.1 A holistic perspective. One assessment is inspired in the need for holistic

approaches to analyse the numerous e¤ect of energy use on human well-being. As described

previously, energy use relate to economic activities and ultimately well-being levels through

multiple paths. Nevertheless, it is clear that high economic development, environmental

performance and human well-being (health, education or subjective well-being) are the

goals of humanity. Achieving these goals in the most e¢ cient way from a resource and

environmental perspective are the goals of a sustainable lifestyle. Given this, a holistic

assessment is proposed to evaluate performance considering all those multiple dimensions.

An engineering methodology known as Data Envelopment Analysis is utilised for such

purpose, and theory is brought into the analysis to �nd explanations regarding as what

factors relate to energy use mixed with low environmental impact and higher well-being
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levels. Using a particular case study (Mexico) further discussion is elaborated regarding

sustainable development paths.

1.3.2 Energy services: a better linking concept. In addition to a more holistic

approach, research on energy and human well-being needs innovative concepts capable of

better linking both ends. In the aforementioned literature, two barely explored concepts

have such potential: end-uses of energy and energy services.

End-uses of energy, on one hand, refer to �the content of primary energy supplied

to the consumer at the point of end-use� (Sovacool, 2011). They are physical quantities

(of gas, wood, gasoline, electricity, etc.) measured in units of heat or work. As such, they

are considered disaggregated measures of energy use. Energy services (ES) are matrices of

end-uses mixed with other elements, which result in speci�c bene�ts for human satisfaction

or well-being (Sovacool, 2011; Modi et al., 2006). Provided with an adequate measurement,

energy services can act as well-being surrogates from direct (end-uses) or indirect (goods

used for the service) energy consumption.

Such an approach measuring ES as surrogates of well-being had never been done

before and is here presented. Through such, the e¤ects of energy use on well-being are

better understood locally, and using the same case study (Mexico) a discussion of locally-

based sustainable development paths is elaborated.

1.4 Purpose

The present thesis is aimed at exploring the connection between human well-being

and energy use in two scales of analysis. The �rst consists of a country-level analysis of

e¢ ciency indices of production, development and well-being in relation to energy use and

environmental impact. The second, a household-level analysis concerned on how exactly

energy use contributes to higher levels of human well-being through energy services at

households. Both assessment are focused on Mexico to understand the �ndings in a more

concrete context.
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1.5 Layout

The subsequent chapter (II) presents the data and methods used in this dissertation.

Chapter III presents the country-based holistic assessment (based on the work by Cravioto

et al., 2011a). Chapters IV and V presents the local analysis through the concept of energy

services (based on Cravioto et al., 2014). And lastly, chapters VI and VII summarise the

conclusions and the key areas for further research.
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II. Data and Methods

2.1 Summary

In chapter III, a mathematical technique called Data Envelopment Analysis (DEA)

has been applied to formulate indices. As a complement, statistical analysis are used to

assess holistically the relationship between energy use, environmental stress and several

human well-being dimensions. DEA was used to derive comparative performance indices

using country data taken from national statistics. These indices were constructed on a

multidimensional basis, taking three well-being indices, and energy use and environmental

impact indicators.

In chapters IV and V, statistical methods were used to evaluate the concept of energy

services as a linkage between energy use and well-being. For this assessment, data was

surveyed in households within two regions of one country, and the analyses are based on

statistical techniques, which simplify multiple predictors (principal component analysis),

verify factors derived (reliability analyses), test for associations (correlations and linear

contrasts) and for signi�cant predictors in a model (backward and hierarchical regressions),

and elucidate di¤erences attributed to categorical factors (direct comparison of results).

An explanation of the data and methods used is provided below. Further details

complementing these explanations are also found in each methodological section in chapters

III, IV and V.

2.2 Data and surveys

2.2.1 Country data. For the assessment in chapter III, a sample of forty countries,

among the most populous and representative of each continent, was selected. The data

for the analysis comprised of the following: Gross Domestic Product (GDP) per capita

taken from the World Bank Database (WB, 2016a; 2016b); two well-being indicators: the

Human Development Index (HDI) taken from UNDP (2015), and the Subjective Well-

being Index1 (SWB) taken from The Gallup Poll (Gallup-Healthways, 2016); and energy

1The New Economics Foundation�s SWB is a compilation of regional subjective well-being indices pooled
together though an exhaustive review of several databases.
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and environmental indicators taken from the International Energy Agency statistics (IEA,

2015a; 2015b). Further details on the treatment of these data is provided in section 3.2

of chapter III. Chapter III also features a comparison with previous sustainability indices

using other databases detailed within the chapter (section 3.4).

2.2.2 Regional data. To conduct the analyses of chapter IV and V, data was

collected through a survey in two regions in Mexico on March 2011. A total sample of 98

questionnaires provided the data. For chapter IV the data was comprised of a subjective

well-being index and six energy services measured in a �ve-point Likert scale. For chapter

V, it was comprised of socio-demographic aspects, household characteristics, household

equipment and expenditure on �ve energy types besides the six energy services already

used in chapter IV. The survey procedure, its structure and variables are detailed in

sections 4.2 and 5.2.

2.3 Data envelopment analysis

DEA is mathematical technique inspired by the construction of e¢ ciency measures

to improve productivity. It is one Multiple-Criteria Decision Analysis (MCDA) derived

from Operations Research, formally developed by Charnes, Copper and Rhodes (1978).

DEA is a tool to measure productive e¢ ciency. It is applied to similar Decision

Making Units (DMU) or organisations, which have activities or processes that can be

compared. When such activity of the DMUs is determined by multiple indicators it is

particularly useful, as these indicators can be combined together grouped into inputs or

outputs. Through an e¢ ciency relationship of these indicators, for each DMU a linear

programming model (LP) is constructed, using all the other DMUs as constraints. Solving

each model yields the e¢ ciency score of each DMU, setting the best performer as the

most e¢ cient. Hence, DEA is sometimes referred to as the �production frontier� or the

�best-practice frontier�method in the literature (Cook et al., 2014). It is noteworthy to

say that because DEA is a non-parametric technique it allows consideration of any type

of indicator, thus it is also a powerful tool to construct �frontier-based�multidimensional

performance indices. This is the application being dealt with in chapter III of this thesis.
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This following section will explain the general aspects of the mathematical formu-

lation of a DEA model, and the model preferred for the analysis in chapter III. Section

3.2 of chapter III will detail the considerations when applying the speci�c data set in the

model.

2.3.1 DEA formulations. As mentioned before, the �rst DEA formulation was

developed by Charnes, Copper and Rhodes (1978). Taking the initials of these authors,

their model became known as the CCR DEA model in the literature. CCR models can only

handle constant returns to scale (CRS), but they are widely applied in the contemporary

DEA literature when details about the production function are not well-known (Cullinane

et al., 2006). Mathematical sophistication of DEA models has advanced considerably in

recent years. Several types of variations to the original models can be found in many of

the available reviews (Cook and Seiford, 2009; Emrouznejad et al., 2008). A CCR model

is, however, suitable to attain chapter III�s analysis needs and has therefore been selected

(see section 3.2.4 for details). In the following paragraphs, the formulation of the CCR

model is explained.

2.3.1.1 Fractional DEA. The �rst step in the formulation of a DEA prob-

lem is to identify the number of inputs and outputs of the DMUs under analysis. The

problem will normally contain more than one input and output, requiring a mathematical

formulation for its solution. Inputs and outputs are divided and then aggregated linearly.

These aggregations yield what is known as virtual inputs and outputs (Ramanathan, 2003).

Virtual inputs are thus expressed as:

Virtual Inputs =
IX
i=1

uixi (1)

where ui is a weight assigned to input xi (from i to I, the total number of inputs),

and ui � 0 (meaning no weights can be negative).

The virtual outputs are:
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Virtual Outputs =
JX
j=1

vjyj (2)

where vi is the weight assigned to output yi (from j to J , the total number of outputs),

and also vj � 0 (meaning no weights can be negative).

Given (1) and (2), the e¢ ciency of a DMU can be expressed mathematically as:

E¢ ciency = E =
Virtual Outputs
Virtual Inputs

=

JX
j=1

vjyj

IX
i=1

uixi

(3)

In this equation (3) both weights ui and vi are not assigned to the DMU. Instead,

they are variables to be determined.

The second step involves proposing a mathematical formulation for the e¢ ciency

of one DMU under assessment. This DMU is called the reference or base DMU and is

restricted to constraints expressing the e¢ ciency values of the other DMUs. Hence, the

base DMU e¢ ciency is set as a maximum attainable, subjected to the e¢ ciencies of the

others as constraints. The e¢ ciencies of other DMUs should take a value between 0 and 1,

and the weights should be restricted to positive numbers. This is expressed mathematically

as follows:
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max Em =
(Virtual Outputs)m
(Virtual Inputs)m

=

JX
j=1

(vjyj)m

IX
i=1

(uixi)m

(4)

subject to

0 �

JX
j=1

vjmyjn

IX
i=1

uimxin

� 1 ; n = 1; 2; :::; N;

uim ; vjm � 0 ; i = 1; 2; :::; I ; j = 1; 2; :::; J:

where,

Em= e¢ ciency of the mth DMU.

(Inputs)

xim = i
th input of the mth DMU.

uim = weight of the i
th input of the mth DMU.

xin = i
th input of the nth DMU.

i = 1; 2; :::; I (I is the total number of inputs).

(Outputs)

yjm = j
th output of the mth DMU.

vjm = weight of the j
th output of the mth DMU.

yjn = j
th output of the nth DMU.

j = 1; 2; :::; J (J is the total number of outputs).

(Others)

uim ; vjm � 0 (weights should be natural numbers).

n = 1; 2; :::; N (N is the total number of DMUs, and n includes m).
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The model above is an extended non-linear programming formulation of an ordinary

fractional programming problem. E¢ ciency Em for the mth DMU is expressed as a relative

e¢ ciency to the other DMUs, setting the constraints of this e¢ ciency subject to others.

Similar models have to be replicated for each nth DMU to obtain all the relative e¢ ciencies.

A transformation from the above fractional programming model to a linear programming

model (LP) is advised and can be done as explained below.

2.3.1.2 Output-maximisation Multiplier DEA. To convert the problem in

model (4) into a LP, either the numerator or the denominator of the objective function

requires normalisation. In addition, the constraints must be simpli�ed to get the LP in the

canonical form (Taha, 2007). By normalising the denominator, the outputs are kept to

be maximised, and the resulting LP is known as Output-maximisation Multiplier (OMM)

DEA. The procedure is as follows:

Normalising the denominator in model (4) yields:

max z =
JX
j=1

(vjyj)m (5)

subject to
IX
i=1

(uixi)m = 1;

0 �

JX
j=1

vjmyjn

IX
i=1

uimxin

� 1 ; n = 1; 2; :::; N;

uim ; vjm � 0 ; i = 1; 2; :::; I ; j = 1; 2; :::; J:

which can be further simpli�ed to:
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max z =

JX
j=1

(vjyj)m (6)

subject to
IX
i=1

(uixi)m = 1;

JX
j=1

vjmyjn �
IX
i=1

uimxin � 0 ; n = 1; 2; :::; N;

uim ; vjm � 0 ; i = 1; 2; :::; I ; j = 1; 2; :::; J:

Using linear algebra (Bronson and Costa, 2007), model (6) can also be expressed in its

standard matrix form as:

max z = Ym � V Tm (7)

subject to

Xm � UTm = 1;

X � UTm � Y � V Tm � 0;

Vm; Um � 0:

where,

Xm = row vector of inputs of the mth DMU.

Ym = row vector of outputs of the mth DMU.

Um = row vector of input weights of the mth DMU.

Vm = row vector of output weights of the mth DMU.

X = matrix of inputs of all the DMUs.

Y = matrix of outputs of all the DMUs.

The matrices X and Y in model (7) have a dimension m x n, where m corresponds

to the number of DMUs and n to the number of inputs or outputs respectively.
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2.3.1.3 Input-minimization Multiplier DEA. An analogous LP formulation

to the OMM DEA explained above is possible by minimising the weighted sum of inputs

in model (4) and normalising the numerator of the objective function. This alternative

model is known as Input-minimization Multiplier (IMM) DEA, represented as:

min z0 =
IX
i=1

(uixi)m (8)

subject to
JX
j=1

(vjyj)m = 1;

JX
j=1

vjmyjn �
IX
i=1

uimxin � 0 ; n = 1; 2; :::; N;

uim ; vjm � 0 ; i = 1; 2; :::; I ; j = 1; 2; :::; J:

Model (8) can also be expressed in its standard matrix form as:

min z0 = Xm � UTm (9)

subject to

Ym � V Tm = 1;

X � UTm � Y � V Tm � 0;

Vm; Um � 0:

In models 6, 7, 8, and 9 the number of constraints depends on the number of DMUs,

while the number of variables depends on the number of inputs or outputs. Thus, when

a small number of inputs/outputs and large data sets are analysed, computations can

be intensive using any of these forms. The dual models of these formulations invert the

variables with the constraints providing better computational e¢ ciency. The following

subsections describe these dual formulations.
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2.3.1.4 Input-oriented Envelopment DEA. In LP theory, every problem can

be stated in a dual form (See Taha, 2007 for a complete demonstration). The OMM DEA

(model 6) derived in section 2.3.1.2, when transformed to its dual, is known as Input-

oriented Envelopment (IOE) DEA. It takes the following form:

min �m (10)

subject to
NX
n=1

(yj�)n � (yj)m ; j = 1; 2; :::; J;

NX
n=1

(xi�)n � �m (xi)m ; i = 1; 2; :::; I;

�n � 0 ; n = 1; 2; :::; N:

where,

�m= e¢ ciency of the mth DMU.

(Constraints)

�n = dual variable of constraints in the primal (model (6)).

xim = i
th input of the mth DMU.

yjm = j
th output of the mth DMU.

xin = i
th input of the nth DMU.

yjn = j
th output of the nth DMU.

i = 1; 2; :::; I (I is the total number of inputs)

j = 1; 2; :::; J (J is the total number of outputs)

n = 1; 2; :::; N (N is the total number of DMUs, and n includes m)

Model (10) can also be expressed in its standard matrix form as:
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min �m (11)

subject to

Y T � � � Y Tm ;

�m �XT
m �XT � � � 0;

� � 0:

where

�m= e¢ ciency of the mth DMU.

� = column vector of dual variables of constraints in the primal.

Xm = row vector of inputs of the mth DMU.

Ym = row vector of outputs of the mth DMU.

X = matrix of inputs of all the DMUs.

Y = matrix of outputs of all the DMUs.

2.3.1.5 Output-oriented Envelopment DEA. Analogous to the IOE DEA

transformation described previously, the dual form of the IMM DEA is known as Output-

oriented Envelopment (OOE) DEA, expressed as:

max �m (12)

subject to
NX
n=1

(xi�)n � (xi)m ; i = 1; 2; :::; I;

NX
n=1

(yj�)n � �m (yj)m ; j = 1; 2; :::; J;

� � 0 ; n = 1; 2; :::; N:
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where

�m= e¢ ciency of the m
th DMU.

(Constraints)

�n = dual variable of constraints in the primal (model (8)).

xim = i
th inputs of the mth DMU.

yjm = j
th outputs of the mth DMU.

xin = i
th inputs of the nth DMU.

yjn = j
th outputs of the nth DMU.

i = 1; 2; :::; I (I is the total number of inputs)

j = 1; 2; :::; J (J is the total number of outputs)

n = 1; 2; :::; N (N is the total number of DMUs, and n includes m)

Model (12) can also be expressed in its standard matrix form as:

max �m (13)

subject to

XT � � � XT
m;

�m � Y Tm � Y T � � � 0;

� � 0:

where

�m= e¢ ciency of the mth DMU.

� = column vector of dual variables of constraints in the primal.

Ym = matrix of outputs of the mth DMU.
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Xm = matrix of inputs of the mth DMU.

Y = matrix of outputs of all DMUs.

For further details on the simpli�cations above refer to DEA textbooks (Cooper et

al., 2011; 2007; Ramanathan, 2003), where more comprehensive explanations are available.

2.3.2 Multiplier vs. envelopment DEAs. As seen from the mathematical formu-

lations of multiplier (OMM and IMM) and envelopment (IOE and OOE) DEA models,

the dual and the primal forms have the objective functions and constraints interchanged.

For applications with a large number of DMUs, the dual forms (envelopment DEAs) have

the advantage of being computationally more e¢ cient. This is because the number of

constraints of the dual form depends on the number of inputs and outputs, whereas in the

primal (multiplier DEAs) the number of constraints depends on the number of DMUs. In

most DEA problems, a large number of DMUs is under analysis, compared to the number

of inputs and outputs. Envelopment programs are thus more computationally e¢ cient and

normally preferred. In this thesis, the envelopment forms are primarily used, although the

outcomes from both analysis have been compared with the help of computational programs

(see section 2.5).

2.3.3 Input vs. output-oriented DEAs. The di¤erence between input (IMM and

IOE) or output (OMM and OOE) oriented DEAs is related to estimations of weak e¢ ciency

(slacks). These slacks can be obtained by reducing inputs or increasing outputs (Cooper

et al., 2007). For such estimations in the analysis of this thesis, the input oriented DEAs

are preferred as the desirable outcome is to reduce these inputs (energy consumption and

environmental impact) to attain the output (well-being indices).

2.3.4 Slacks. The purpose of calculating weak e¢ ciency is to estimate the reduc-

tion in the inputs or the increment in the outputs to achieve an equally e¢ cient performance

as the best peer. Thus, weak e¢ ciency or slacks are usually derived from the envelopment

DEA models formulated before, because the constraints in these models are related to

inputs and outputs (opposed to the multiplier forms, where they relate to the DMUs).

When the envelopment model is reduced to its standard form, in the dual formulation
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these slack variables are added to the constraints. Unrestrictedness in the sign of some

constraints can also occur as a result. Detailed explanations about these transformations

are available in Taha (2007) and DEA textbooks (Cooper et al., 2011; Cooper et al., 2007;

Ramanathan, 2003). In this thesis, the IOE DEA form is prefered (over the OOE DEA),

because as explained above, the desirable outcome is to reduce inputs (energy consumption

and environmental impact) to attain the output (well-being indices). The model derived

from the transformation is the following:

min �m � "

0@ IX
i=1

Si +

JX
j=1

Sj

1A (14)

subject to
NX
n=1

(yj�)n � Sj = (yj)m ; j = 1; 2; :::; J;

�m (xi)m �
NX
n=1

(xi�)n � Si = 0 ; i = 1; 2; :::; I;

�n; Sj ; Si � 0 ; n = 1; 2; :::; N:

�m unrestricted

which can also be expressed in its matrix form:

min �m �
IX
i=1

SI �
JX
j=1

SJ (15)

subject to

Y T � �� STJ = Y Tm ;

�m �XT
m �XT � �� STI = 0;

�; SJ ; SI � 0:

�m unrestricted

where

25



�m= e¢ ciency of the mth DMU.

� = column vector of dual variables of constraints in the primal.

Xm = row vector of inputs of the mth DMU.

Ym = row vector of outputs of the mth DMU.

X = matrix of inputs of all the DMUs.

Y = matrix of outputs of all the DMUs.

SI =row vector of input slacks

SJ =row vector of output slacks

2.4 Statistical analysis

As brie�y mentioned in the summary of this chapter, several statistical analyses are

used in this thesis.

2.4.1 Simpli�cation of variables with multiple items. In chapters IV and V,

some variables with multiple items are condensed into factors using Principal Component

Analysis (PCA). This procedure simpli�es the total number of predictors in the association

analysis conducted in both chapters. To con�rm how well a component could condense

such concepts encompassing multiple items, the Cronbach�s Alpha of each proposed factor

is veri�ed (Field, 2009). Afterwards, the PCAs are obtained. Then, the covariance of

each element as well as the Kaiser-Meyer-Olkin (KMO) sampling adequacy and variance

explained by the components are used to discriminate unnecessary elements. Elements

with coe¢ cients less than 0.2 and with sampling adequacy (covariance) lower than 0.5

were singled out (Field, 2009). All this results in the �nal components, which serve as

measures in the association analyses, and also provide information for the discussions

based on comparisons among regions (see sections 4.2 and 5.2 for further details).

2.4.2 Association analysis. For chapters III and IV, correlation analyses are used

to test for association among variables. In chapter III to �nd the key factors of nations

having higher well-being scores mixed with low energy use and environmental impact,
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DEA e¢ ciency scores are tested with numeric and ordinal predictors using Pearson and

Spearman correlations. ANOVAs and robust measures of ANOVA (Brown�Forsythe tests)

are also used in chapter III to test for di¤erences among categories of predictors in nominal

scales.

In turn, in chapter IV four correlation coe¢ cients (Pearson, Spearman, Kendall�s

Tau and Gamma) are used to test for associations between energy services and well-being.

Linear Contrasts are also used in chapter IV to test the hypothesis of a linkage between

energy services and well-being using mean scores (Abdi and Williams, 2010).

2.4.3 Regression methods. For chapter V, regression methods are used to build

a model to multiple energy-related variables as predictors of energy services (Agresti and

Finlay, 2009). The variables are grouped into blocks, and backward regressions are �rst

used to clean the blocks from redundant predictors. Next, hierarchical regressions are used

to analyse the block contributions and to further test the predictive power of the variables

in the model.

Finally, direct comparisons among the results from two regions, elucidate di¤erences

attributed to categorical and structural factors.

2.5 Software

Three main computational tools were utilised to conduct the analyses. To formulate

and solve the DEA models in chapter III, Microsoft Excel 2007 (See Ramanathan, 2003

and Cooper et al., 2007 for guidance) and a modi�ed version of the Matlab program

�DEA Solver Light� (Mathworks, 2003) were used. For the localised statistical analyses

in chapters IV and V, the IBM SPSS Statistics 21 software and a statistical tutorial

(How2stats, 2013) was used.
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III. Holistic assessment of energy use, environmental stress and human well-being:

a country perspective

3.1 Introduction

The premise of taking human well-being as GDP has long been criticised by academic

research, claiming that a number of cultural, economic and social aspects are not considered

in the economic indicator. It is advised instead to conceive well-being as a multidimensional

measure, expandable into subordinates linked with material and non-material aspects.

Energy and resources, on the other hand, are utilised to create goods and services for daily

life. These are associated with individual well-being directly and indirectly through a series

of environmental impacts related to economic activities. Both aspects are crucial to de�ne

human sustainability in local and global scales.

Given the complexity, alternative (and multidimensional) well-being measures, en-

ergy use and its socio-environmental e¤ects have scarcely been analysed in conjunction.

It is di¢ cult to integrate them using a single measure. Thus, as explained in sections 1.2

and 1.3.1, the available perspectives have analysed the link from one or another viewpoint,

lacking of a more holistic approach.

3.1.1 Energy-to-well-being analyses. The interest on the energy and well-being

link from a macro perspective is present actually in a rather small number of analyses.

From these, fewer have focused on how energy use a¤ects alternative well-being indicators.

Among them, Mazur and Rosa were probably the �rst to assess them (Rosa et al., 1981;

Mazur and Rosa, 1974). Later followed by further research (Steinberger et al., 2012;

Mazur, 2011; Steinberger and Roberts, 2010; Martinez and Ebenhack, 2008; Garcia, 2006;

Smil, 2005; Pasternak, 2000). All of them, however, have evaluated the link using central

tendency methods, demonstrating repeatedly that there is a logarithmic growth of several

well-being measures in relation to increases in energy consumption (see �gure 1). One

aspect still not clear from these results is how certain countries can achieve higher levels

of well-being with lower levels of energy consumption, an area in their two-dimensional

plots (�gure 1) commonly known as the Goldemberg corner (Steinberger and Roberts,

2010 referring to Goldemberg et al., 1985).
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Figure 1 The Goldemberg corner in energy, environmental and well-being indices (Stein-
berger and Roberts, 2010; Knight and Rosa, 2011; 2009)

For contemporary analysts, the Goldemberg corner is a key element to the sustain-

ability debate, because achieving high levels of well-being with low levels of consumption

is the desired outcome of human development. Explanations on what determines such per-

formance is crucial, though still not well understood (Dietz and Jorgenson, 2014; Knight

and Schor, 2014; Lamb et al., 2014; Steinberger et al., 2012).

Besides these approaches that have focused directly on the energy-well-being link,

there are others which have targeted alternative connections. Dietz and Rosa (1994) were

the pioneers to use links between environmental impacts and well-being, for example. Later

works have also followed them (Dietz et al., 2012; Knight and Rosa, 2011, 2009; Dietz et

al., 2009). This part of the literature considers energy indirectly through environmental

consequences, as clearly mentioned in the most recent research (Dietz et al., 2012; Knight

and Rosa, 2011, 2009; Dietz et al., 2009).
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All these perspectives provide explanations circumscribed to analyses of single in-

dices, but assessments considering multiple indicators are also desirable, because as ex-

plained in section 1.3.1, both aspects aggregated together would extend the analyses to

connect with further elements in theory in search of explanations of the highest perform-

ers. As introduced in section 1.2.1, some engineering approaches have the advantage of

handling relationships with multiple indicators, being potentially useful here.

3.1.2 A holistic analysis of energy and well-being. As section 1.2.1 has intro-

duced, a wide range of engineering methods have been brought in transdisciplinary ap-

plications. Multiple-Criteria Decision Analyses (MCDA) are one type, which are used to

integrate several indicators in a single measure. MCDA techniques were originally used

in operations research, but they have increasingly been applied in �nance and social sci-

ence. Data Envelopment Analysis (DEA), in particular, is one MCDA applicable when the

purpose is the estimation of comparative performance.

Inspired on ideas to improve productivity, Farrell (1957) was the �rst to explore DEA

almost 60 years ago. Later, it was formally developed by Charnes, Copper and Rhodes

(1978). Since then, it has been introduced in a wide range of applications, but fewer works

have explored socio-economic aspects (Cook and Seiford, 2009; Emrouznejad et al., 2008).

Nevertheless, DEA is a powerful tool to build multidimensional indices, and some

analyses have noticed this potential (Reig-Martinez, 2013; Jurado and Perez-Mayo, 2012;

Murias et al.,2006, Zhu, 2001), but almost no attention has been given to dimensions

comprising energy use, environmental impacts and well-being (Ramanathan, 2002). Unlike

the analysis of the energy-well-being link with regression methods, the DEA approach

allows considering environmental, energy and well-being dimensions together, resolving

the problem of handling multiple indicators. In addition, the DEA method switch the

focus to the Goldemberg corner, because DEA assesses based on comparative performance

(see section 2.3).

The only assessment done in this direction is that by Cravioto et al. (2011), which

is the �rst to take multiple well-being measures with energy and environmental indicators

(Mariano et al., 2015). Although the analysis yielded two e¢ ciency indices of well-being
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it did not attempt to analyse the results together in a more holistic assessment. Their

results also lacked reference to previous theory and hence did not focus on explanations of

performance within the Goldemberg corner.

Thus, given that no approaches on the energy-well-being link have considered mul-

tiple DEA-based e¢ ciency indicators in conjunction, and still unclear as to why certain

countries can achieve higher levels of well-being with lower levels of energy consumption

(the Goldemberg corner), a mixed approach of multiple DEA indices assessed holistically

with statistical analyses is proposed to clarify such aspects.

3.1.3 Purpose. The purpose of the present chapter is to analyse the connection

between energy use, environmental stress and three well-being indicators at a country-level

using a comparative e¢ ciency approach. Crucial elements for paths towards sustainable

performance (the Goldemberg corner) are discussed in the light of previous theory and the

case of Mexico.

3.2 Method

3.2.1 Data.

3.2.1.1 Sample data. As mentioned in section 2.2, forty countries of the

�ve continents were selected (table 1). Countries with populations above 1 million of

inhabitants with full availability of data for the analysis comprised the sample. This

selection procedure took place to include countries with the most reliable databases, and

to avoid the dominance of numerous small nations (See Dietz et al., 2007 for details on such

consideration). The sample is intended to be symbolical in terms of geography, country

size and world cultures.

Out of several economic indicators and well-being indices, table 2 shows the ones se-

lected. Base years and units of measurement are also included in this table. As introduced

in section 2.2, one objective well-being index and a subjective one were selected: The Hu-
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Table 1 Countries selected for the DEA indices
Africa/Oceania America Asia Europe
Australia Argentina China Bulgaria
Ghana Brazil India France
Morocco Canada Indonesia Germany

New Zealand Chile Iran Greece
Nigeria Costa Rica Israel Italy

South Africa Jamaica Japan Norway
Tanzania Mexico Malaysia Poland

United States Philippines Russia
Venezuela Saudi Arabia Spain

South Korea Sweden
Thailand Turkey
Uzbekistan United Kingdom

Table 2 Well-being, environmental and energy indicators selected for the DEA indices
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man Development Index1 (HDI) and the Subjective Well-being Index2 (SWB). Both indices

are meant to represent complementary ideas as they have a di¤erent construction; objec-

tive indices describe improvement of observable conditions, which can be closely related to

social development, whereas subjective ones indicate how these conditions are perceived

by individuals (Smith and Clay, 2010). In relevant literature, it has been reported that

both measures have strong correlations (Graham, 2009; Van Praag and Ferrer-i-Carbonell,

2007; Kahneman et al., 1999). Thus, human well-being can be conceived quite similarly

with either. In the present study, however, both measures are considered in the search for

subtle di¤erences, and GDP per capita3 is also included as the quintessential indicator of

economic development.

Finally, the energy and environmental indicators comprised Total Primary Energy

Supply (TPES)4 and CO2 emissions from energy use5 both in per capita �gures6 (table 2).

3.2.2 DEA models. A correlation matrix applied to data selected showed that

strong correlations were found between GDP, TPES and CO2 emissions (all per capita).

However, weaker correlations existed between HDI and SWB with both indicators (table

3). Three relations have been selected based on this: �rst, GDP with TPES and CO2

emissions (all per capita) to build the �production�DEA model; second, HDI with TPES

and CO2 emissions (both per capita) to build the �development�DEA model; and third,

SWB with TPES and CO2 emissions (both per capita) to build the �well-being� DEA

model.

1HDI comes in a 0-1 scale, where 0 is the lowest development level and 1 the highest. The index is built
from the aggregation of Mean Gross National Income, Life Expectancy and Education. HDI data is taken
from the Human Development Index Report 2015 (UNDP, 2015).

2The subjective well-being index comes in a 0-9 scale, where 0 is the lowest level and 9 the highest.
Data is taken from the Gallup World Poll (see Overall Life Satisfaction Index in Gallup-Healthways, 2016).

3GDP PPP �gures are taken from WB (2016a) and per capita �gures are created using the total
population reported in WB (2016b).

4Total Primary Energy Supply refers to the amount of energy produced and imported without exports
and storage changes. It is de�ned as: indigenous production + imports - exports - international marine
bunkers - international aviation bunkers +/- stock changes. Data is taken from IEA (2015c).

5CO2 emissions from energy use refer to the estimates of CO2 emissions from fuel combustion calculated
by the IEA. These estimates include emissions from all reported energy use of fuels, but exclude emissions
from non-energy use of fuels. For details on the calculation procedure please refer to IEA (2015b). Data
used in this thesis is taken from IEA (2015a).

6Per capita �gures are created using the total population reported in WB (2016b).
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Table 3 Correlations between the selected indices and indicators

Using the DEA formulations detailed in section 2.3, the three models mentioned

above were constructed as described below.

3.2.2.1 Production DEA. The production DEA model is built considering

TPES and CO2 emissions (both per capita) as inputs7 and GDP per capita as the output.

Equation 16 shows the expression for country 1.

7CO2 emissions treated as an input represents, in fact, an undesirable output (see Cooper et al., 2011
on treatment of undesirable outputs).
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max EProd,1 = [65:4] [vGDP,1] (16)

subject toh
7:08 5:91

i24 uCO2,1

uTPES,1

35 = 1;

h
vGDP,1

i
26666666664

65:4

42:6

51:4
...

yGDP,40

37777777775
�

24 uCO2,1

uTPES,1

35
26666666664

7:08 5:91

17:02 5:56

16:02 6:81
...

...

xCO2,40 xTPES,40

37777777775
� 0

vGDP ; uCO2 ; uTPES � 0

The expression above is in the form of an Output-maximisation Multiplier DEA

Model (see section 2.3 for details), where EProd,1 corresponds to the comparative e¢ ciency;

vGDP,1 represents the weight of the output (GDP per capita); uCO2,1 the weight of the �rst

input (CO2 per cap.); and uTPES,1 the weight of the second input (TPES per capita). In

addition 65:4 corresponds to the output (GDP per capita) in thousands of US dls per capita;

7:08 to the �rst input (CO2 per cap.) in tons of CO2 per capita; and 5:91 to the second

input (TPES per capita) in toe per capita. Note that in the constraints corresponding to

e¢ ciency equations for each DMU, only the �rst three are expressed in the equation for

simplicity. The last element in these matrices represents the last DMU, when n = 40.

The aim of solving this linear programming problem (eq. 16) is to �nd vGDP,1,

uTPES,1, uCO2,1 such that EProd,1 is maximum. For each country, a similar linear program-

ming problem must be modelled until the 40th country is reached (when m = n).

After this, each maximisation model is transformed into the input-oriented envel-

opment DEA form for two reasons. First, such form is more suitable for computational

purposes (see section 2.3 for details), and second, the envelopment model allows for esti-

mation of slacks (how much should inputs be reduced to attain 100% e¢ ciency). Section

3.2.3 provide more details on the formulation of the slacks model.
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3.2.2.2 Development DEA. The development DEA model considers HDI as

the output, while TPES and CO2 emissions per capita remain as inputs. The expression

for country 1 (equation 17) has a slight change from that in the production DEA (equation

16). The coe¢ cients 0:94, 0:93, 0:91 correspond to the HDI indices for country 1, 2, 3 and

so forth until the 40th country is reached (yHDI,40). Likewise for the production DEAs,

the formulations below were transformed into envelopment models for estimating slacks

detailed after section 3.2.3.

max EDevel,1 = [0:94] [vHDI,1] (17)

subject toh
7:08 5:91

i24 uCO2,1

uTPES,1

35 = 1;

[vHDI,1]

26666666664

0:94

0:93

0:91
...

yHDI,40

37777777775
�

24 uCO2,1

uTPES,1

35
26666666664

7:08 5:91

17:02 5:56

16:02 6:81
...

...

xCO2,40 xTPES,40

37777777775
� 0

vHDI ; uCO2 ; uTPES � 0

3.2.2.3 Well-being DEA. Lastly, the third DEA model considers SWB as

the output, keeping TPES and CO2 emissions per capita as inputs. The expression for

country 1 results in equation 18, where coe¢ cients 7:7, 7:2, 7 correspond to SWB indices

for countries 1, 2, 3, and so on until the 40th country is reached (ySWB,40). Likewise

done with the production and development DEAs, these maximisation models were later

transformed into envelopment ones to estimate slacks, as detailed after in section 3.2.3.
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max EWell_b,1 = [7:7] [vSWB,1] (18)

subject toh
7:08 5:91

i24 uCO2,1

uTPES,1

35 = 1;

[vSWB,1]

26666666664

7:7

7:2

7
...

ySWB,40

37777777775
�

24 uCO2,1

uTPES,1

35
26666666664

7:08 5:91

17:02 5:56

16:02 6:81
...

...

xCO2,40 xTPES,40

37777777775
� 0

vSWB ; uCO2 ; uTPES � 0

3.2.3 Slacks. To estimate the necessary improvements (reductions in CO2 emis-

sion and energy consumption) of the ine¢ cient countries, the duals of the models described

above were formulated. These were the IOE DEA with slacks variables are in the form of

model 15 (see section 2.3 for details on derivation of the general form). Once obtained the

e¢ ciencies EProd, EDevel and EWell-b from models 16, 17 and 18, these are taken as �Prod,

�Devel and �Well-b in models 19, 20 and 21 below, in order to estimate the slack variables

SGDP,CO2 , SGDP,TPES, SHDI,CO2 , SHDI,TPES, SSWB,CO2 , and SSWB,TPES. All these expres-

sions correspond to country 1, and for each other country a similar linear programming

problem must be modelled until the 40th country is reached.
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3.2.3.1 Production Slacks (country 1).

min �Prod,1 � (SGDP,CO2 + SGDP,TPES) (19)

subject to26666666664

65:4

42:6

51:4
...

yGDP,40

37777777775

T 26666666664

�1

�2

�3
...

�40

37777777775
=
h
65:4

i
;

�Prod,1 �

24 7:08
5:91

35�

26666666664

7:08 5:91

17:02 5:56

16:02 6:81
...

...

xCO2,40 xTPES,40

37777777775

T 26666666664

�1

�2

�3
...

�40

37777777775
�

24 SGDP,CO2

SGDP,TPES

35 = 0;

26666666664

�1

�2

�3
...

�40

37777777775
;

24 SGDP,CO2

SGDP,TPES

35 � 0 ; �Prod,1 unrestricted
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3.2.3.2 Development Slacks (country 1).

min �Devel,1 � (SHDI,CO2 + SHDI,TPES) (20)

subject to26666666664

0:94

0:93

0:91
...

yHDI,40

37777777775

T 26666666664

�1

�2

�3
...

�40

37777777775
=
h
0:94

i
;

�Devel,1 �

24 7:08
5:91

35�

26666666664

7:08 5:91

17:02 5:56

16:02 6:81
...

...

xCO2,40 xTPES,40

37777777775

T 26666666664

�1

�2

�3
...

�40

37777777775
�

24 SHDI,CO2

SHDI,TPES

35 = 0;

26666666664

�1

�2

�3
...

�40

37777777775
;

24 SHDI,CO2

SHDI,TPES

35 � 0 ; �Devel,1 unrestricted
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3.2.3.3 Well-being Slacks (country 1).

min �Well-b,1 � (SSWB,CO2 + SSWB,TPES) (21)

subject to26666666664

7:7

7:2

7
...

ySWB,40

37777777775

T 26666666664

�1

�2

�3
...

�40

37777777775
=
h
7:7

i
;

�Well-b,1 �

24 7:08
5:91

35�

26666666664

7:08 5:91

17:02 5:56

16:02 6:81
...

...

xCO2,40 xTPES,40

37777777775

T 26666666664

�1

�2

�3
...

�40

37777777775
�

24 SSWB,CO2

SSWB,TPES

35 = 0;

26666666664

�1

�2

�3
...

�40

37777777775
;

24 SSWB,CO2

SSWB,TPES

35 � 0 ; �Well-b,1 unrestricted

3.2.4 Assumptions. One general assumption when using the previous DEA mod-

els is that if one DMU is e¢ cient to obtain outputs from inputs, the others should be able

to do it in the same way. Therefore, the formulations assume that all countries are equally

capable of obtaining outputs from inputs. There might be external elements inherently

creating unfavourable outputs in the DEA e¢ ciency. Thus, the assumption sets the ground

for the last part of this chapter (discussion), which has focused on testing predictors to

�nd variables capable of explaining di¤erences in the results.

Another assumption is that energy consumption (TPES per capita) as one of the in-

puts has a causal e¤ect with the outputs (GDP per capita, HDI and SWB), a valid premise

theoretically and empirically (sections 1.1 and 1.2). CO2 emissions, in turn, represent an
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undesirable output, which as noted before can technically be treated as an input in these

DEA formulations (see Cooper et al., 2011 on treatment of undesirable outputs).

Finally, by using a Charnes, Copper and Rhodes (CCR) model there is an assumption

of constant returns to scale (CRS) in the output (response variable) from input gains

(explanatory variables). Although it is well known that GDP, HDI and SWB relate in

decreasing returns to scale (DRS) to energy consumption (Steinberger et al., 2012; Mazur,

2011; Steinberger and Roberts, 2010; Martinez and Ebenhack, 2008; Garcia, 2006; Smil,

2005; Pasternak, 2000; Rosa et al., 1981, Mazur and Rosa, 1974) and CO2 emissions (Dietz

et al., 2012; Knight and Rosa, 2011, 2009; Dietz et al., 2009), the aim of this analysis is not

to consider the DRS over the saturation threshold as �normal�. Instead, it is to consider

that countries above the threshold actually observe almost no gains in the level of the

output at the expense of very high energy consumption or environmental damage. Thus,

the assumption of CRS in the DEA model allows a more realistic representation of the

deviations from the most e¢ cient peer(s).

3.2.5 Statistical analyses. As already mentioned in section 2.4, to further analyse

the e¢ ciency results through numeric and categorical predictors, which might explain

the observed di¤erences, four statistical methods have been utilised in the discussion of

the results. Pearson and Spearman correlations are used to analyse associations with

predictors in numeric and ordinal scales, and ANOVAs are used to test for di¤erences

among categories of predictors in nominal scales.

The results are discussed in the light of how the three DEA models correlate with

other indices, how elements from theory can predict a higher holistic performance of the

indices, and how would more sustainable performance be achieved taking the case of Mex-

ico.

3.3 Results

3.3.1 DEA indices (e¢ ciencies and country ranks). Three countries (Costa

Rica, Nigeria and The Philippines) scored the highest e¢ ciency (100%) in the production
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Figure 2 Distributions of production, development and well-being e¢ ciencies

model, and two others (Ghana and Tanzania) in both the development and well-being

models (table 4).

Development and well-being e¢ ciencies seemed highly skewed to the right, whereas

production rather skewed to the left (�gure 2). In the development and well-being mod-

els, nations lying above the 80th percentile were economically developing ones (Tanzania,

Ghana, Phillipines, Morocco, India, Nigeria, Indonesia and Costa Rica). In contrast, for

production e¢ ciency, the share in such range was rather equal: four developed countries

(Italy, Sweden, Norway and UK) and four developing ones (Costa Rica, The Philippines,

Nigeria and Tanzania).

Developed countries scored better in production than well-being and development.

However, for development and well-being, their outcomes became low, taking places below

the 50th percentile (table 4). The worst performers in development and well-being were

Saudi Arabia, Canada, United States and Russia, appearing below the 10th percentile.

In contrast, Uzbekistan, Russia, South Africa and China and had the worst scores in the

production model.

These results con�rm the hypothesis that more industrialised countries have lower

e¢ ciencies using "alternative" measures of development and well-being in relation to energy

use and environmental stress. Yet, they also support the premise that industrialised nations

are rather e¢ cient in terms of producing economic wealth.

3.3.2 Slacks. The improvements in terms of TPES and CO2 reductions (per

capita) that ine¢ cient countries should attain to become as e¢ cient as the peers were

44



Table 4 Production, development and well-being indices: e¢ ciencies and country rank-
ings

45



estimated in ranges between 0.07 to 6.2 toe per cap and 0.15 to 15.21 tCO2 emissions per

cap.

3.4 Discussion

3.4.1 DEA indices and previous measures. A small part of the previous literature

has reported indices using a DEA measure (section 1.2). This section explores di¤erences

and similarities with these indices and with other similar indices of sustainable energy or

ecological performance.

3.4.1.1 Previous DEA works. Ramanathan (2002) previously built a DEA

model considering CO2 emissions, energy consumption and GDP all in a per capita basis.

He found that India, Tanzania, Sweden and Norway had the highest (100%) e¢ ciency.

Cravioto et al. (2011) later build similar three-dimensional DEA models, one taking GDP

per capita and another taking HDI, both considering CO2 emissions with total electricity

consumption in a per capita basis. They found that Tanzania (for the HDI model), Costa

Rica and Ghana (for the GDP per capita one) attained 100% e¢ ciency.

Analysing how well these results correlate with the obtained DEA indices, Table 5

shows that the production model had a mid-range correlation with Ramanathan�s model,

and a considerably higher one with the GDP-based model by Cravioto et al. (2011). Weak

correlations were observed between both the development and the well-being models with

Ramanathan�s outcomes, but higher ones with the HDI results by Cravioto et al. (2011).

The generally higher correlations with the results by Cravioto et al. (2011) could be

explained by three aspects: �rst, the countries in sample were the same; second, data has

only 5 years of time di¤erence; and third, electricity consumption and TPES (both per

capita) are highly correlated (r = 0:854; p < 0:01). In contrast, the model by Ramanathan

used a larger set of countries and the data is more than 10 years older.

Given this, the number of peers under analysis might in�uence outcomes, being

advisable to consider as much units as possible. In cases when data availability is an

issue, rather acceptable approximations might be reached with small samples. In addition,

e¢ ciencies might change in time, deserving to consider time series to gain robustness.
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Finally, indistinct use of electricity consumption and TPES might be acceptable, but it

should be carefully considered especially when countries with very low percentage of access

to electricity are under study.

Table 5 Correlation matrix between DEA indices and previous sustainability indices

3.4.1.2 Other indices. Two well-known indices from the literature are

compared with the DEA indices to observe similarites or di¤erences. First, the Ecological

Footprint, which is a performance index measuring the size of environmental impact of

nations with respect to the earth�s resources (Rees, 1992; data from NEF, 2016). Second,

the Happy Planet Index (HPI) by the New Economics Foundation (NEF, 2016), which is

a composite index comprised of subjective well-being, ecological footprint and economic

activity.

Table 5 shows that production e¢ ciency did not correlate above weak levels with any

of these indices, but development and well-being showed high correlations with the Ecolog-

ical Footprint, suggesting that the DEA scores may indirectly represent similar information

to that reported by an environmental capacity index8. Surprisingly, the correlations with

HPI resulted moderate, indicating that there are di¤erences in the construction that are

strongly re�ected in the outcomes. HPI is a measure that has been criticised for the arbi-

trary allocation of weight in their dimensions (Abdallah et al., 2009), and it might be that

because the DEA-based indices allocate their weights based on the comparison to the best

performer available, these resolve the problem giving a more objective outcome.

8Capacity here refers to environmental capacity, i.e. the measurement of the impact on environmental
resources from a given lifestyle as measured by the ecological footprint.
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3.4.2 Higher holistic performance. In this section, the e¢ ciency indices are dis-

cussed in the light of elements from previous theory and with respect to increases in energy

use and environmental damage. It should be noted that the discussions hereafter assume

that the cross-sectional sample under study follows a predictable dynamic behaviour be-

tween the outcomes observed. Naturally, unexpected outcomes might be observed in reality

as any static model has such a limitation.

3.4.2.1 Energy use and environmental damage. CO2 emissions and TPES

(both per capita) do not seem to predict accurately production e¢ ciency, but a clear expo-

nential decrease was observed in both production and well-being with respect to increases

in CO2 emissions and TPES. Figure 3 graphically con�rms this and the strong correlations

between both e¢ ciencies in table 5 rea¢ rms this. Given these results, it might be plausi-

ble to consider that development and well-being e¢ ciencies are equivalent and di¤erent to

production e¢ ciency.

Based on the graphs and all the previous analyses, it can be concluded that being

more e¢ cient to produce economic utility in terms of energy consumption and environmen-

tal stress does not correlate with objective human advancement or higher levels of human

well-being. This �nding is not only relevant by itself, but also on its implications in policy,

which will be brought into discussion later in this chapter.

3.4.2.2 Elements from theory. To evaluate how the e¢ ciency in the three

models is in�uenced by elements mentioned in theory (section 1.2), this last section will ver-

ify the cross-sectional results of energy-environmental DEA indices in the light predictors

grouped under the following classi�cation: geographic, demographic and socio-cultural.

Geography. Theory on sustainable environmental consumption and

well-being has propounded that the most crucial geographical elements a¤ecting the rela-

tionship between well-being and environmental damage are type of climate (Van de Vliert,

2009; Rehdanz and Maddison, 2005) and region (Engelbrecht, 2009; Heliwell et al., 2009;

Inglehart et al., 2008; Inglehart and Klingemann, 2000). This section explores such ar-
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Figure 3 Production, development and well-being e¢ ciency in relation to total primary
energy supply and CO2 emissions from energy use
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guments in the light of the DEA indices as e¢ ciency measures of energy, environmental

stress and well-being.

Climate. Using a climate classi�cation by the CIA�s World

Factbook section on climate (CIA, 2015a)9, di¤erences among climates on production, de-

velopment and well-being e¢ ciencies were evaluated. A one-way between groups ANOVA

was performed to compare the impact of climate on the three DEA indices. Based on

the adopted classi�cation of 5 groups (�temperate�, �temperate/subartic�, �tropical�,

�diverse� and �arid�), there was a statistically signi�cant di¤erences in all measures

[F (4; 35) = 3:892; p = 0:01 for production e¢ ciency, F (4; 35) = 4:545; p < 0:005 for

development e¢ ciency and F (4; 35) = 4:628; p < 0:004 for well-being e¢ ciency].

Figure 4 shows how production e¢ ciency appeared higher for countries with �tem-

perate�, �tropical� and a mixed �temperate-subartic� climate (above 70%), whereas for

development and well-being e¢ ciencies, �tropical�climate appeared above the others (20%

di¤erence with �diverse� the next closest classi�cation). Overall the results suggest that

climate might be an in�uential factor.

The results, however, do not clearly support a theory advocating for colder climates

related to less life satisfaction (Van de Vliert, 2009; Rehdanz and Maddison, 2005), despite

colder climates observed lower scores (subarctic and temperate) in the development and

well-being model. In general, it can be said instead that arid climates tend to report lower

scores, although it is not clear if this is because of high changes of temperature during the

day or extreme seasonal change.

Given these results, it seems plausible to attain a higher holistic performance regard-

less of the type of climate, although climate di¤erences explained by the selected factor

could fall short to represent them accurately. Other geographical variables may be taking

equally important roles to determine temperatures in local settlements (elevation, precip-

itation, etc.), which could be subject for further research.

9Data taken from the same source.
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Figure 4 Production, development and well-being e¢ ciency by type of climate

Region. Using the classi�cation of countries in regions by the

UN (2015a)10, a one-way between groups ANOVA was performed to compare the impact of

region on the three DEA indices. Based on the adopted classi�cation (13 groups: �Africa

(central)�, �Africa (north)�, �Africa (south)�, �America (central-Caribbean)�, �Amer-

ica (north)�, �America (south)�, �Asia (east)�, �Asia (south-southeast)�, �Asia (west-

central)�, �Europe (east)�, �Europe (north)�, �Europe (west)�, �Oceania�), there was

a statistically signi�cant di¤erence in all three measures [F (12; 27) = 2:859; p = 0:011

for production e¢ ciency, F (12; 27) = 7:478; p < 0:001 for development e¢ ciency and

F (12; 27) = 12:31; p < 0:001 for well-being e¢ ciency].

As observed in �gure 5, production e¢ ciency in Europe (north and west) and Africa

(central and north) were the most e¢ cient (above 80%), closely followed by parts of Amer-

ica (central and the Caribbean) and Asia (south and southeast) (both at 70-80%). In con-

trast, development and well-being showed higher levels more clearly in Central and North

10Data taken from the same source.
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Figure 5 Production, development and well-being e¢ ciency by region

Africa (60-80%), South-Southeast Asia (40-50%) and Central America and the Caribbean

(40-50%).

Based on this, the results partly support a constant in research �ndings: that Latin

America (LA) reports higher life satisfaction (Engelbrecht, 2009; Heliwell et al., 2009;

Inglehart et al., 2008; Inglehart and Klingemann, 2000). Even in these multidimensional

measures and considering them holistically this might hold, but it should be noted that

Central Africa and south and southeast Asia also reported similar high scores. It is also

noteworthy to mention that within LA, countries in Central American and the Caribbean

report higher performance compared to South American ones.

Demographics. In terms of demographic predictors, theory suggests

that several aspects may a¤ect the relation between energy, environmental stress and

well-being. However, the most crucial seem to be a uence levels (Mol and Spaargen,

2004; Grossman and Kreuger, 1995; Rice, 2008; Gould et al., 2004) and country size
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(Tausch, 2011; Schumacher, 1973). The age of the population is also hypothesised to

create di¤erences. Thus, in the light of the DEA indices these demographic aspects are

evaluated to search for di¤erences.

A uence. Taking a poverty index11 as the reciprocal proxy for

a uence levels resulted in almost no correlation with productive e¢ ciency (� = 0:010)

and strong correlations with development and well-being (� = 0:757; p < 0:01 and � =

0:747; p < 0:01). The possitive direction of these results suggests that being more a uent

is related to less e¢ ciency levels of development and well-being.

These results disprove the arguments by The Ecological Modernisation Theories (Mol

and Spaargen, 2004; Grossman and Kreuger, 1995) that advocate for economic growth

as the solution to environmental damage. Instead, there is support for the treadmill of

production theory (Rice, 2008; Gould et al., 2004), in which a uence is related with

decreases in e¢ cient resource utilisation and increased environmental damage. The reason

may be that more a uent societies become commoditised or ine¤ective in satisfying their

needs. Taken holistically, these indices would suggest that enhancing well-being through

consumption or energy abundant lifestyles among the poorest most probably would come

with ine¢ cient performance.

Country size. The predictor chosen to represent country size

was total population12 from which a very weak negative correlation was found in the

three models (� = �0:015 -production-; � = 0:132 -development-; � = 0:114 -well-being-).

These results show no clear support to the hypothesis that smaller countries have better

performance (Schumacher, 1973), nor bigger ones (Tausch, 2011). Country size do not

seem to e¤ectively in�uence a higher holistic performance.

Age. Following, the median age of the population13 was tested,

from which a relationship was only found with development and well-being e¢ ciency (� =

11This index is the percentage of the population living under 2 usdls a day as measued by the UN and
OECD. Data is published by The World Bank (WB, 2015).
12Data taken from The World Bank (WB, 2016b).
13Data from the UN database (UN, 2015b).
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0:005 -production-; � = �0:583 -development-; � = �0:638 -well-being-). These outcomes

clearly suggest that a country with older population associates with lower performance in

development and well-being, while taken holistically, aging in a country may have on one

side negative e¤ects on well-being performance but a possitive one in terms of production.

The possitive e¤ect, however, is almost negligible.

Socio-cultural aspects. Finally, among the socio-cultural aspects the-

orised to create di¤erences, the following seem to be the most important to consider: sus-

tainable consumption, community participation and social capital (Seyfang, 2009; Jackson,

2005, Manno, 2002). For this purpose, it is assumed that a more balanced lifestyle could re-

�ect on elements related to community participation and increases in social capital. Thus,

a predictor of work-life balance is proposed for the assessment.

It is not mentioned in theory if there are notable di¤erences among cultures in the

way they attain well-being levels from environmental resources, but part of this section

explores this by holistically examining the three DEA indices in terms of language and

religion.

Work-life. Taking the metric of work-life balance by the OECD14,

it seems to relate in opposite directions and less to development and well-being e¢ cien-

cies (� = �0:105 and � = �0:094) than production e¢ ciency (� = 0:496). On one hand

and to our surprise, these results contradict the common understanding that increases in

leisure time come with less productivity. It appears that, on the contrary, high produc-

tive e¢ ciency is not only feasible but also related to having more leisure time. As for

development and well-being, it is also surprising that higher well-being e¢ ciency did not

relate as strongly with more leisure time, and as a matter of fact in opposite direction.

This probably suggests that if leisure time increase without alternative activities to engage

with, leisure time does not necessarily re�ect on e¤ective satisfaction of needs.

14This index corresponds to the time devoted to leisure and personal care as published by the OECD
(OECD, 2015).
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Language. The language family classi�cation in the CIA�s World

Factbook (CIA, 2015b)15 was used to examine the impact of language on the DEA in-

dices. The analysis consisted of a one-way between groups ANOVA to compare the re-

sults of 7 groups in the classi�cation (�Afro-Asiatic�, �Altaic�, �Austronesian�, �Daic�,

�Indo-European�, �Niger-Kordofanian�and �Sino-Tibetan�). Statistically signi�cant dif-

ferences were found in development [F (6; 33) = 3:734; p = 0:006] and well-being e¢ ciency

[F (6; 33) = 3:757; p = 0:006], but not in production e¢ ciency [F (6; 33) = 0:956; p = 0:47].

Figure 6 shows that Niger�Kordofanian languages (spoken in Ghana, South Africa

and Tanzania), followed by Austronesian languages (spoken in Indonesia, Malaysia and

the Philippines) and Afro-Asiatic languages (spoken in Israle, Morocco, Saudi Arabia and

Nigeria) scored higher in development and well-being e¢ ciencies compared to the others.

Although production e¢ ciency did not show a signi�cant di¤erence among groups, a similar

result was observed only adding the Indo-European languages to the �more e¢ cient�group.

These outcomes partially support that countries from Central and North Africa, as well

as Southeast Asia can attain higher levels of performance, arguing for a cultural e¤ect on

higher e¢ ciency outcomes.

Religion. Lastly, countries were analysed by religious beliefs

�rst using the Pew Research Center�s Religious Diversity Index16. All models seemed to

have weak correlations with the index, although homogenous countries tended to report

slightly higher scores in development and well-being e¢ ciencies compared to production

(� = �0:056 -production-, � = �0:353 -development- and � = �0:275 -well-being-).

Religiously homogeneous countries were further analysed for di¤erences. Using the

information on the distributions of religious groups within each country by the Pew Re-

search Center (PRC, 2015), a religion classi�cation was made. It was comprised of 6 groups

(�Hindu�, �Mixed�, �Christian�, �Muslim�, �Buddhist� and �Jewish�). In spite of this,

it was di¢ cult to conduct an ANOVA test on this predictor as some groups only had one

15Data is also taken from here.
16Based on percentages of a¢ liated members in the total population of a country, this index creates a

metric of religious diversity in a 0-1 scale, where 1 is the most diverse and 0 the most homogeneous case
(PRC, 2015).
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Figure 6 Production, development and well-being e¢ ciency by language group

sample. Hence, graphical examination of ANOVA curves was the most adequate procedure

for analysis.

As seen in �gure 7, the Hindu religion outscored the rest of religious groups in

development and well-being e¢ ciencies (50-60%), whereas followers of the Jewish religion

reported the highest production e¢ ciency (>75%). The outcomes support the existence

of a more e¢ cient performance of certain countries with a homogeneous religious belief,

although not as clear holistically (mixed belief scored above certain homogenous groups).

Provided a more de�nite result, it would be plausible to consider that, in general, certain

religious practices might associate with higher performance. Cultures as seen by religion

indeed have e¤ects on holistic performance.

3.5 Sustainable development for ine¢ cient countries

The discussion on how to attain a sustainable performance can be divided between

countries that still have to substantially improve well-being levels at the expense of the

expansion of consumption and those that have to substantially reduce their energy con-
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Figure 7 Production, development and well-being e¢ ciency by religious group

sumption and environmental impact. These groups will be called "countries below the

threshold" and "countries above the threshold" of energy and environmental consumption.

3.5.1 Countries below the threshold. These countries could target increases in

economic activity to enhance development and well-being levels, as it was found that up to

a certain energy consumption level (1 toe per cap) with its associated environmental impact

(2.5 tCO2 per cap.) e¢ ciencies did not dropped beyond 50%. However, the countries within

this range are few and other aspects are equally advisable. In particular, an alternative

development path considering less focus on increasing total energy supply or economic

growth, and instead considering the geographical, demographic and cultural features of

the country.

First, countries should consider their local geographical features. It was observed that

arid climates scored low in all measures, thus if within the countries there are regions with

extreme seasonal changes and high need for energy consumption for cooling or heating,
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the country should target better technologies for living in these settings to attain more

sustainable development.

Countries should also be aware that aging in the population is an issue that might

yield negative outcomes in sustainable development. A balance in the cohorts of age within

the population should be targeted.

Importance given to traditional values through certain practices may increase e¢ -

ciency (e.g. religion). Increasing leisure time might also be a good instrument to attain

more sustainable development, as this seemed highly compatible with higher production ef-

�ciency. Thus, increasing leisure time and promoting participation in recreational, artistic

or sport activities would come in hand. It is noteworthy to say that such measures would

also demand creating the required infrastructure, because as discussed before, leisure time

increase without alternative activities to engage with does not necessarily re�ect on e¤ective

satisfaction of needs (less strong correlations with development and well-being e¢ ciency).

In sum, incentives among the agents involved in such changes are also needed.

3.5.2 Countries above the threshold. For these countries, e¢ cient use of energy

is at a higher level, although there is still room for improvement by using cleaner energy

sources and more e¢ cient consumption. Demographic aspects to consider might be the

aging of the society, for which negative outcomes would be expected. Increases in a uence

should not be aimed at all.

In contrast, cultural aspects are of more importance. Less focus on materialism is

desired and more balanced lifestyles that could bring about more e¢ cient outcomes. With

this respect, better work-life balance might come in hand, although more leisure time does

not necessarily re�ect on higher holistic well-being as seen by the holistic outcomes on

a uence. Increasing leisure is undoubtedly the most important element to attain better

e¢ ciencies for countries above the threshold, but avoiding commoditisation or ine¤ective

satisfaction of needs. Hence, promoting participation in recreational, artistic or sport

activities with real options to engage with under a prospective better work-life balance.

Similarly to countries below the threshold, this would obviously mean creating the neces-
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sary capacity for such activities as well as incentives among the agents involved in such a

change.

3.6 Holistic assessment of sustainable development in Mexico

The case of Mexico is of particular interest in this study, given that this analysis is

a macro perspective complementing the subsequent analyses of chapter IV and V. Mexico

is a country holding within great di¤erences in geography, demographics and cultural en-

vironments located in the LA region, which is associated with higher performance (section

3.4.2.2). Nevertheless, Mexico reported rather poor scores in development and well-being

e¢ ciency (28.62 % and 31.07 % respectively) and not as high in production e¢ ciency

(76.71 %). Some countries with a similar cultural background reported lower scores in

the three measures (Venezuela, Chile and Argentina), whereas other countries consistently

scored higher (Costa Rica and Brazil). Only Spain reported a contrasting outcome between

production (being above Mexico) and development and well-being (below Mexico).

Given this, it might be plausible to consider Mexico well within countries above the

threshold, expecting holistic increases in its e¢ ciency levels considering a set of aspects.

First, alternative development path considering less focus on increasing total energy sup-

ply or economic growth are already needed, and geographical, demographic and cultural

features of the country demarcate targets in such direction.

Geographically, the northern particularly set in arid climates might follow extreme

seasonal changes and high need for energy consumption for cooling or heating. Thus, bet-

ter technologies for living in this region are crucial to attain more sustainable development.

Coastal and south regions might need to consider similar energy consumption needs. How-

ever, the central plateau, in which more than 60% of the population lives, might be less

concerned about this fact as it has a temperate climate during the whole year.

The total population and its age structure do not seem to be of concern, as no risk of

an ageing population is foreseeable. However as seen in �gure 8, there is a slight reduction

of cohorts between 5-9 years, which has been compensated in the last years (cohorts in 0-4

years).
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Figure 8 Mexican population pyramid, 2016 (PP, 2016)

On the other hand, despite the multicultural settings within the country, the ho-

mogeneity of values in the Mexican population might support that no great di¤erences in

terms of the importance given to aspects that contribute to a high quality of life exist.

Homogeneous language and religious belief (85% Catholics), as well as high importance

given to family and social relations are among the cultural traits that account for this

homogeneity among members of its population.

Nevertheless, according to the Organisation for Economic Co-operation and Devel-

opment (OECD), Mexicans have the most average annual working hours. The average

Mexican work up to 450 hours more than an average American every year, earning less

than a �fth of the pay. All in all, 29 percent of Mexicans work more than 50 hours every

week with average working hours per year adding up to 2,237 (McCarthy, 2015). Although

there seems to be plenty of room for increasing income levels given these facts, increasing

work-life balance undoubtedly seems the most important element to attain better e¢ cien-

cies for Mexico. Such should be attained in careful observance of avoiding commoditisation

or ine¤ective satisfaction of needs as suggested by the scores in other countries in North

America (USA: 7.85% -development-, 6.76% -well-being-, 55.07% -production-; Canada:

7.27%, 6.71%, 42.52%, respectively). Hence, as prescribed above, promoting participation
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in recreational, artistic or sport activities might come in hand under a prospective better

work-life balance with real options to engage with, mixed with necessary capacity for such

activities and incentives among the agents involved. All these aspects have not been ad-

dressed in the National Development Plans (Energía, 2012; Federal, 2012), but should be

considered as important aspects in future policy decision making.

3.7 Conclusions

The connection between energy use, environmental stress and three well-being in-

dicators at a country-level using a comparative e¢ ciency approach yielded the following

results:

First, from all the analysed countries, three (Costa Rica, Nigeria and The Philippines)

scored highest in the DEA-based production e¢ ciency model, which used GDP per capita,

TPES and CO2 emissions (both per capita) in a comparative-e¢ ciency approach. In turn,

two countries (Ghana and Tanzania) reported the highest performance in the DEA-based

development and well-being e¢ ciency models, which utilised the Human Development

Index and a subjective well-being index accordingly with the same indicators of energy use

and environmental stress. The most industrialised countries reported better performance

in production than in development and well-being. The worst performers for development

and well-being e¢ ciency were Saudi Arabia, Canada, United States and Russia, whereas

Uzbekistan, Russia, South Africa and China scored the lowest in production e¢ ciency.

All these countries reported performance below the 10th percentile in each correspoding

model.

In order to become as e¢ cient as the best peers, the reductions of ine¢ cient countries

were estimated in ranges between 0.15 to 15.21 tCO2 emissions per cap, and 0.07 to 6.2

toe per cap.

Second, the e¢ ciency indices of development and well-being demonstrated a similar

graphical pattern and correlated with the Ecological Footprint, while production did not

correlate above weak levels with any previous sustainability index. Given this, the DEA-
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based indices of development and well-being are suggested to indirectly represent indicators

of ecological capacity.

In terms of crucial elements for paths towards sustainable performance (the Goldem-

berg corner) in the light of previous theory and the case of Mexico, the following can be

concluded:

Overall, higher development and well-being e¢ ciency associated with tropical cli-

mates, speci�c regions, religious groups and language groups, younger populations, reduced

a uence levels and better work-life balance. In contrast, higher production e¢ ciency was

strongly associated to higher work-life balance, mixed climates and speci�c regions.

Mexico seems to be well within those countries above a hypothetical threshold of in-

e¢ cient performance (76.71 % -production-, 28.62 % -development-, 31.07 % -well-being-),

suggesting to consider less focus on increasing energy consumption or economic growth,

and a refocus on alternative paths to attain a more sustainable performance. Geograph-

ically, only some regions in the country (the north, coasts and the south) might need to

consider a higher level of energy consumption than average for cooling or heating, and

thus better technologies to improve energy e¢ ciency on such end-uses. However, increas-

ing work-life balance undoubtedly seems the most important element to improve the DEA

results of Mexico, given that on one hand such factor is associated with positive gains and

on the other, it is reported that Mexico has the highest average annual working hours in the

OECD. Promoting participation in recreational, artistic or sport activities might come in

hand under a prospective policy for increased hours for leisure. These options of activities

to engage with are needed among the population together with the necessary infrastructure

for such activities and incentives among the agents involved. All these aspects should be

considered important in future policy decision making.
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IV. Energy services at households and human well-being

4.1 Introduction

Despite the vast literature that exists on human well-being, descriptions from the

energy use perspective are rare. Isolating energy from other elements is di¢ cult, because

the relationship is determined by many factors. Approaches controlling these factors are

greatly needed, and the few potentially useful ones have scarcely been studied.

As mentioned in section 1.3.2, energy services (ES) is one of the few concepts that

could act as a linkage between energy use and human well-being. The �rst articles men-

tioning ES were published during the 1980s (Reister and Devine, 1981; Kahane, 1991).

Later, ES have echoed in more recent works (Sovacool, 2011a; Norgard, 2000; Jonsson et

al., 2011).

Despite this, ES appear far less in academic literature, when compared to other

similar concepts. End-uses of energy, for example, is a closely related notion mentioned

more often, yet usually confused with ES. According to di¤erent authors, end-uses of energy

refer to �the content of primary energy supplied to the consumer at the point of end-use�

(Sovacool, 2011a), thus being physical quantities. Energy services, in contrast, are broader

notions encompassing these end-uses and further elements. ES can therefore be thought

of speci�c bene�ts for human satisfaction or well-being largely connected with energy use.

Unfortunately, as mentioned earlier, analysts have repeatedly attributed characteris-

tics of end-uses on ES. Reister and Devine (1981), for example, de�ned ES as �a measure of

a service provided to ultimate consumers by their own use of energy in any of its forms...�.

As they state it: �energy services should be measured in units of work, of heat at various

temperatures...�, they believed that such an explanation quali�es them as �surrogates of

satisfaction... experienced when human wants are ful�lled via the direct use of energy�.

Hass et al. (2008) and Wirl (1995) regarded ES more as a demand force, expressed by a

bivariate concept encompassing energy and technology. Although the idea seems closer to

the notion of �bene�ts for human well-being�, their view also assumes ES to be equal to

end-uses in terms of measurement. Finally, Kahane (1991) believed that more e¢ ciency

gains could be attained by taking a broader view of the energy system, and that quality
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of life is made up by ES. Yet, similarly to the other authors, he equates them to end-uses

in terms of measurement.

The latest literature brings ES closer to real well-being surrogates, at least concep-

tually. Norgard (2000) and Jonsson et al. (2011), for example, recognise more clearly that

ES are placed between end-uses and human welfare, and that they are the last quanti�-

able link in the energy chain. Considering that end-uses should be e¢ ciencies of a given

activity per amount of energy, it is still not clear how ES could be quanti�ed as surrogates

of well-being. For Modi et al. (2006) and Sovacool (2011a), ES are also surrogates of

human satisfaction, considering them �bene�ts that energy carriers produce for human

well-being�. They recognise a multidimensional nature of ES (�gure 9), but also do not

provide any clear system for their measurement.

Figure 9 Multidimensional relationship of heat-related household energy services (How-
ells et al., 2005 in Sovacool, 2011a)

As suggested by these remarks, taking ES and end-uses interchangeably is not ac-

curate, given that both represent related yet di¤erent notions. End-uses should be ac-

knowledged as a physical or e¢ ciency measure, while ES should be taken in a scale able

to represent them as real surrogates of human well-being.

4.1.1 Energy services and well-being. Provided that ES could be analysed as a

well-being surrogate connected with energy use, one concern for research is how accurately
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can ES actually be such a surrogate, and another how these would correlate with end-uses

and other factors.

As previously explained in section 1.1, the energy-well-being link is crucial for human

sustainability. Disciplinary research, largely from social scientists, has made great progress

on describing what factors correlate with di¤erent well-being indices, but little attention has

been given to ES or other energy-related surrogates. This could be a more straightforward

and useful approach.

ES as surrogates of well-being might also become a tool for policy design, because

they could help to analyse the e¤ectiveness of speci�c policies related to energy-use, devices

and practises aimed to enhance overall human well-being. In addition, they might shed

light on ways to increase well-being levels, while reducing consumption through end-uses of

energy. The household sector perspective is crucial here, as households are often considered

the �nal users of energy consumed from the other sectors (Jonsson et al., 2011; Moll et

al., 2005 in Sovacool, 2011a). But because ES is a research topic still largely unexplored,

the assumption that ES can act as a well-being surrogate is the �rst crucial issue. Past

studies of ES measured in ways closer to a well-being dimension are nonexistent and the

few approaches suggesting a similar measurement are disconnected with such concerns

(Romero et al., 2013).

4.1.2 Purpose. Corresponding to the �rst part of the household-level assessment

of the connection between human well-being and energy use, this chapter�s purpose is

�rst, to measure energy surrogates of human well-being denoted by (six) energy services

at Mexican households quanti�ed in a satisfaction scale; and second, to analyse their

correlations with an index of overall life satisfaction by income group in order to assess the

adequacy of energy services as linkages between human well-being and energy use.

4.2 Method

4.2.1 Case Study. As already mentioned in this chapter�s introduction, given

that the measurement of ES has never been studied, ES data had to be obtained through a

survey directly conducted in households. Well-being scores, although available nationally
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Figure 10 Location of Zoquitlán and Cuauhtémoc

in many cases (Gallup, 2014), also had to be surveyed with ES to have both data taken

simultaneously for the analysis.

In selecting regions to carry out the survey, Latin America seemed to be suitable,

because countries within are not only comparatively less studied, but also interesting given

that research has reported that high well-being scores mixed with rather low energy con-

sumption is found in the region (Cravioto et al., 2011; Knight and Rosa, 2011; Dietz et

al., 2009; Mazur, 2011; Steinberg and Roberts, 2010). Furthermore, to control for culture

and climatic conditions, we looked for a culturally homogeneous country with similar ge-

ography. Under these considerations Mexico was selected, for it is representative of Latin

America and contains multiple locations with di¤erent income levels that still can keep

culture, climate and geography alike.

Within Mexico, based on the information published in national statistics (CONAPO,

2000; INI, 2000), two sites from the Mexican central plateau were chosen. This simpli�ed

the analysis, because both regions do not present drastic seasonal climate di¤erences. The

�rst, Cuauhtémoc, is one of the sixteen boroughs in Mexico City and the second, Zoquitlán,

is a rural community to the southwest of Mexico City in the highlands of the state of Puebla

(�gure 10). Both lie at around 2000 m over sea levels and have temperate climate (type

Cwb in the Köppen classi�cation), but Cuauhtémoc is an urban district with most of its

population in upper-middle income levels, while Zoquitlán is a rural community with lower

socio-economic conditions (table 6). These di¤erences are also observed through their HDI
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levels, which provide a ground for comparison of regions in di¤erent levels of objective

well-being levels, related to the �ndings reported in the previous chapter.

Table 6 Socioeconomic pro�les of surveyed locations: Zoquitlán and Cuauhtémoc

4.2.2 Data collection. As brie�y explained in section 2.2, the data was collected in

March 2011, using an interviewed survey conducted in randomly selected households. The

obtained sample consisted of 98 questionnaires: 40 from Zoquitlán and 58 from Cuauhté-

moc.

4.2.3 Questionnaire.

4.2.3.1 Well-being measures. As explained in section 3.2, well-being mea-

sures are divided into objective and subjective groups. This study follows the common

subjective scale proposed by Veenhoven for measuring life satisfaction (LS) (WDH, 2015;

Veenhoven, 2010; Veenhoven and Hagerty, 2006). Such consideration allows for compar-

isons with ES, which are taken using a similar scale. The item used in the questionnaire

is measured in a �ve-point Likert scale as follows:

Taking into account everything, how satis�ed or dissatis�ed you are cur-
rently with your life as a whole?

1 � � � � � � �2 � � � � � � �3 � � � � � � �4 � � � � � � �5

Dissatis�ed Satis�ed

4.2.3.2 Energy services. Considering the ES literature review outlined

in section 1.3.2 and referred to in this chapter�s introduction, six ES among the most

relevant in importance (Sovacool, 2011a; Modi et al., 2006) were selected. These included:

communications, entertainment, food preservation, illumination, temperature regulation
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and transport, all measured in a �ve-point Likert scale. The question used to retrieve the

level of satisfaction with each of these ES was the following:

In a �ve-point scale, rate how satis�ed or dissatis�ed you are currently with
the following ES at home?
(1 being very dissatis�ed and 5 very satis�ed) ______________

4.2.3.3 Other variables. The survey also included other variables not used

here, but further explained and considered in the analysis of chapter V. A sample of the

questionnaire can be found in appendix B.

4.2.4 Analysis methods.

4.2.4.1 Simpli�cation of ES. As explained in section 2.4, a Principal Com-

ponent Analysis (PCA) is used to condense ES together into a single index. Following the

considerations for element discrimination already detailed (see section 2.4), this procedure

serves �rst, to prepare ES in a single measure for a subsequent association analysis between

ES and LS; and second, to test for associations among ES to relate them with previously

reported theories (Sovacool, 2011a; Sovacool, 2011b; Modi et al., 2006).

4.2.4.2 ES-LS association analyses. Two statistical methods already men-

tioned in section 2.4 are conducted to verify the associations between ES and LS. First,

correlations valid for numeric (Pearson R) and ordinal scales (Spearman Rho, Kendall Tau,

Gamma), and linear contrasts, a test of hypothesis of a linear linkage between ES and LS

using the mean scores in the scales.

These results are complemented with a �nal discussion on ES used as well-being

surrogates, in addition to the limitations of the case study.

4.3 Results

4.3.1 Energy services and well-being survey results by income group. As ex-

pected, households in Cuauhtémoc were con�rmed to have better general physical con-
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ditions than households in Zoquitlán (�gure 11). Surprisingly, however, this di¤erence

re�ected only in some ES.

Figure 11 Household conditions in Zoquitlán and Cuauhtémoc

First of all, Cuauhtémoc reported mean scores one point above Zoquitlán in en-

tertainment, and di¤erences were less noticeable for transport and communications (0.8

above). For illumination, food preservation and temperature regulation the di¤erences

were even less noticeable (only 0.5 points higher - see ES in �gure 12).

Figure 12 Energy services and life satisfaction. Mean scores by region.

In terms of LS, both regions also showed slight changes, but compared to ES,

Cuauhtémoc and Zoquitlán seemed even more comparable (see LS in �gure 12).
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In terms of data distributions, more di¤erences were noticeable. ES in Cuauhtémoc

were found to be skewed to the left, concentrating on higher frequencies in the upper

ends of the scale (very satis�ed / satis�ed), whereas normal or in some cases distributions

slightly skewed to the right were found in Zoquitlán, meaning that ES tended to lie more in

the center (see �gures 13, 14, 15). LS scores on the contrary, showed left-skewed results in

both regions, concentrating frequencies clearly above the center of the scale. It should be

noted however, that despite this similarity, in Cuauhtémoc higher number of �satis�ed /

very satis�ed�answers were found over �regular�(76% against 24%), whereas in Zoquitlán

both resulted rather equal (43% for regular and 57% for satis�ed). Another unexpected

result regarding LS was that nobody answered �unsatis�ed� in Zoquitlán, even though

the region has considerably lower income levels. In contrast, in Cuauhtémoc a couple of

�unsatis�ed�and �very unsatis�ed�answers were found, in spite of the wealthier conditions

of households. Table 7 shows a summary of selected statistics of the data.

Table 7 Descriptive statistics of surveyed data on energy services and life satisfaction

4.3.2 Energy services components by income group. In addition to the individual

comparisons of ES reported above, to test how ES are integrated into a single concept, the

results of the PCA on ES are presented here. Similarly to the analyses of ES individually,

both regions showed di¤erences in the components obtained: In Zoquitlán, the six ES were

reduced into two components; whereas in Cuauhtémoc, they became a single one.

The two components in Zoquitlán divided most of the ES clearly. Only food preser-

vation had to be later introduced arbitrarily based on a slightly better consistency with

one of the components (see table 8). The �rst component was comprised of �temperature�,
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Figure 13 Energy services and life satisfaction. Histograms and distributions by region
(1/3).
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Figure 14 Energy services and life satisfaction. Histograms and distributions by region
(2/3).
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Figure 15 Energy services and life satisfaction. Histograms and distributions by region
(3/3).

�food preservation�, and �communications�; the second, �illumination�, �transport�and

�entertainment�. The results suggested that for lower incomes some ES might be more

fundamental for daily living, compared to others less essential. Hypothesising such hierar-

chical order, these components were labelled �primary ES�and �secondary ES�.

In contrast, ES merged together into a single component in Cuauhtémoc, demon-

strating that as income increases, both primary and secondary ES can be assimilated into

a single unique factor.

Overall, these �ndings suggest that PCAs might capture the user preference on cer-

tain ES, which evolves as income increases. The ES preference shifts from being multiple-

hierarchical in lower incomes to more horizontal as income increases.

Both sections above (4.3.1 and 4.3.2) support that income di¤erences are re�ected

more clearly in ES than in LS. However, how well can ES predict an increase in LS or

the nature of such relation is another concern. Related literature has constantly found

a decreasing returns to scale between LS and many material indicators (Mazur, 2011;

Steinberg and Roberts, 2010; Knight and Rosa, 2011, 2009; Dietz et al., 2009; Martinez

and Ebenhack, 2008; Pasternak, 2000; Mazur and Rosa, 1974). However it is not clear if

ES and LS might have a similar relationship or can be regarded as closer concepts. As
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introduced in section 2.4 (and further explained in section 4.2.4), the association analyses

in the following section will shed light on such concerns, and test how close are energy

surrogates of well-being to overall life satisfaction. In addition, with these initial results

the use of non-parametric statistical tools described before is further justi�ed, given the

nature of the distributions found in the data (�gures 13, 14 and 15).

Table 8 Principal component analyses on energy services

4.3.3 Relationship between energy services and well-being. For the correlation

analyses following this section, LS and ES were treated as both quantitative and ordinal

variables. As explained in section 4.2.4, four types of correlations are used to test for

associations (Pearson R, Spearman Rho, Kendall Tau, Gamma).

4.3.3.1 ES and LS categorical data corrections. Complementing the cor-

relation analyses, linear contrast analyses verify the existence of a linear trend between

LS and ES scores, treating both variables in categorical-ordinal scales. In these analyses,

ES is the explanatory variable and LS the dependent one, and LS must have at least two

samples in each of the �ve-point categories encompassing ES. According to the descriptive
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statistics of section 4.3.1 (table 7), LS scores tended to show very little variation. Thus, for

some ES categories only few LS responses were found, or even worsened when the sample

was separated into regions (detail in table 9). Thus, for convenience a correction in the

scale of ES took place, when used in a regional basis.

ES were corrected from the original 5-point scale into a 3-point scale, in which the

classi�cations corresponding to �very dissatis�ed� and �dissatis�ed� were consolidated

together into a group called �negative�; the category �regular�was converted to �neutral�;

and lastly, �satis�ed�and �very satis�ed�were grouped into a �positive�category. Besides

its inherent convenience in the analysis, a spearman correlation of 0.997 (p < 0:01) of such

metric with the original suggested it to be statistically valid. Hereafter, ES will refer to

this reduced 3-point scale.
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4.3.3.2 ES-LS correlation analyses and linear contrasts. LS associated

positively to ES in all the correlation analyses, taking the data from both regions together

(table 10 LS (total sample)). These correlations, ranging from 0.3 - 0.4 levels, proved that

from a wide income range perspective, a positive association existed between ES and LS.

In addition, a signi�cant linear increase was observed in LS when analysed by ES level

(�gures 16 and 17).

It seems plausible that ES and LS positively correlate, as satisfaction with services

provided by end-uses might re�ect well on human life satisfaction. Yet, by looking closely

at the results and comparing the �ndings by region, some unexpected outcomes were also

observed.

Firstly, although the ES-LS association exists, it is not equally prevalent in every ES,

suggesting that some energy-related well-being surrogates may have a limited predictive

power on LS. This could mean that other aspects might well contribute to attain higher

life satisfaction levels and could possibly be targeted without obsessive focus on improving

all ES.

Regional examinations also suggest that income may in�uence the associations be-

tween ES and LS. The correlation coe¢ cients did not increase when the sample was divided

by region and instead became less apparent in comparison to being taken together. More-

over, as table 10 con�rms, there was a remarkable di¤erence between lower and higher

incomes, challenging the rationale of most of the literature; namely, that increased energy

use correlates more strongly with overall well-being levels among the poor. It is common

belief that as income increases it re�ects in better end-uses of energy and ultimately in

higher LS. Yet, this unexpected dissociation between ES and LS in the lower incomes

and the progressive associations as income increase, suggests that energy surrogates on

well-being play an important part of life satisfaction only from middle income levels on.

Additionally, the results considering the ES components of �primary ES�, �secondary

ES�and �general ES� in connection to LS con�rm the previous, because among higher-

income households (Cuauhtémoc), �secondary ES�correlated more strongly with LS than
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Figure 16 Energy services and life satisfaction. Linear contrast analyses (1/2).
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Figure 17 Energy services and life satisfaction. Linear contrast analyses (2/2).
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�primary ES�, whereas for lower incomes (Zoquitlán), both remained virtually dissociated

(table 10).

Lastly, the linear contrast analyses did not clearly support the existence of returns

to scale unlike it has constantly been found with energy use and other material predictors

(Mazur, 2011; Steinberg and Roberts, 2010; Knight and Rosa, 2011, 2009; Dietz et al., 2009;

Martinez and Ebenhack, 2008; Pasternak, 2000; Mazur and Rosa, 1974). A statistically

signi�cant linear trend was indeed found in the wide range of incomes, but it was not

observed whatsoever for lower incomes and actually seemed to diminish from middle income

levels on (�gures 16 and 17).

4.4 Discussion

It should be noted that hereafter the discussions on a dynamic change between the

data surveyed are elaborated under the assumption that the cross-sectional sample taken

follows that behaviour. In reality unexpected outcomes might be observed as any static

model has such a limitation.

4.4.1 Implications of the Mexican �ndings on well-being and energy services theory.

Human well-being is broad concept in�uenced by multiple social and individual aspects.

There is evidence that health (physical and mental), lifestyle (employment, marital status,

social relations, religion), political (governance, social capital) and economic (income) fac-

tors a¤ect well-being levels (Diener and Seligman, 2004; Van Praag and Ferrer-i-Carbonell,

2007; Kahneman et al., 1999). As energy use is involved in all of these aspects, energy

services are often hypothesised to be crucial to achieve life satisfaction (Haas et al., 2008).

However, the previous results point to the belief that when circumscribing to the bene�ts

produced by energy within households such association is not as strong as expected, being

actually less apparent among low incomes, and slightly increasing from middle-incomes on.

The poor connection between ES and LS among lower incomes suggests instead that

other aspects might enhance LS more e¤ectively, especially among the lowest incomes.

Evidently, low income families constantly �nd ways to enhance their LS levels through any

of the aforementioned alternative predictors. Only once a middle income level is reached
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the linkage between energy surrogates of well-being and LS appear, because probably more

concern is placed on energy services in households and the in�uence of relative wealth

considered in a wider scope of comparison (Sovacool, 2011a). This fact could probably

re�ect stronger concerns about convenience, comfort or cleanliness as some of the literature

has suggested (Cravioto et al., 2014; Sovacool, 2011a), or early patterns of social signalling

or conspicuous consumption from easier access to material goods (this behaviour is more

typical among high income households according to Sovacool, 2011a).

4.4.1.1 Life satisfaction and individual energy services in Mexican households.

There is no previous theory on which ES are the most relevant to LS, but some elements

from each of the ES under study could be recognised as more important than others. In

the previous section it was noted that ES in general shifted from middle income level, but

some ES were linked more strongly to LS than others, regardless of the e¤ects of income

change.

First, little di¢ culties seemed to be found to preserve food in these regions, either

because of particular patterns of consumption (low amounts of stored food) or because

favourable climatic conditions allowed it. This might explain why food preservation did

not seem to be relevant at all for LS.

Illumination and communications followed food preservation in importance, but still

they were the least relevant among the remaining ES. A marked di¤erence between in-

comes allowed for a clari�cation on what both ES might represent, i.e. for the wealthier,

illumination and communications seemed somehow more relevant compared to the poor.

Probably the most important ES for LS in both income groups were transport and

temperature regulation, and although even more important when income is increased, both

of these services correlated more strongly to higher LS levels.

Finally, the most irregular ES was entertainment, which strongly di¤ered among re-

gions. Although not correlated with LS in lower incomes, it correlated even more strongly

than others among higher incomes. This might be because as income increases, entertain-

ment is probably more developed inside households, in contrast to low incomes where it

might be sought outside the house, and thus not connected to LS.
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This study on energy surrogates of well-being seemed to support theory on ES as

reported in previous literature. For example, transport and temperature regulation were

the most relevant ES for increasing life satisfaction levels regardless of the income group.

Energy consumption for transport has been believed to contribute directly to having a

varied life more than other energy consumption at households (Poortinga et al., 2004). By

income groups, among the lowest levels, survival determines ES, and fuel wood is most

important for cooking and regulating temperature (Sovacool, 2011b). According to the

results, temperature regulation was one relevant ES for LS in Zoquitlán (more so for lower

incomes). For middle incomes, convenience, comfort and cleanliness are the most impor-

tant concerns of ES choices (Sovacool, 2011b). Indeed, based on the results, entertainment

became relevant in Cuauhtémoc (besides temperature regulation and transport), support-

ing such hypothesis. Finally, communication, socialisation or personal identity seems to

be the main concerns among higher incomes (Sovacool, 2011b), which are determined sim-

ilarly to middle income groups but on levels necessary for more extravagant lifestyles, such

as energy for swimming pools or exotic vehicles (sport cars, yachts, jets, etc.). The results

do not contradict this fact, although the sample did not isolate high incomes from middle

ones.

4.4.1.2 Basic vs. less essential energy services in Mexican households.

Despite the observed distinction between �primary ES�, �secondary ES�and �general ES�

per income group, the preference given to each ES appeared rather inconsistent with the

ES that actually best enhanced LS levels.

According to section 4.3.2, the preference to increase ES in middle-higher income

households seemed horizontal, but not all of these ES had the same e¤ects on LS. Food

preservation, although probably the least consistent element in the �general ES�compo-

nent, was found to correlate positively with the other �ve ES. The same was observed for

illumination and communications, which did not have as strong e¤ects on LS as transport,

entertainment and temperature regulation.

For lower incomes, on the other hand, basic ES (�primary ES�) were expected to

match ES improving LS most strongly, but results were not consistent with this. Higher
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�temperature regulation� levels correlated with higher �food preservation�and �commu-

nications�, while �transport� did similarly with �entertainment� and �illumination�. In

addition, �temperature regulation�was placed within basic ES, but �transport�in less ba-

sic ones (�secondary ES�). Although transport and temperature regulation demonstrate

strong links to LS, other elements seemed to improve within households inconsistently with

the hierarchical order.

In sum, as economic development takes place or income increases, human needs could

gradually shift, creating more concern about ES in households, re�ected on the ES-LS cor-

relation. ES improvement choices, however, do not always result in LS maximisation.

Some ES enhance LS more than others, but individual�s choices might not be consistent

with this, suggesting that there might be other elements involved in the decision process.

Further analysis are needed to shed light on such preferences and how other material as-

pects might generate di¤erences (Cravioto et al., 2014) to fully understand life satisfaction

through energy services and energy consumption.

4.5 Conclusion

Six energy services (communications, entertainment, food preservation, illumination,

temperature regulation and transport) measured in a 5-point likert scale and overall hu-

man well-being measured as life satisfaction were surveyed in Mexican households of two

locations (Zoquitlán and Cuauhtémoc). Correlations between these two measures ranged

between 0.3 - 0.4. By dividing the sample into regions, it was observed that in the lower-

income one (Zoquitlán) the correlations reduced to weaker levels (0 - 0.1), whereas in

the middle-income one (Cuauhtémoc) levels ranged between 0.2 - 0.3. By energy service,

transport and temperature regulation seemed the most important to enhance well-being in

both regions. Entertainment was only found to be relevant in the middle-income setting,

and illumination, communications and food preservation seem the least important in both

locations.

Using principal component analyses on the six energy services point to support the

premise that preference given to energy services shifts from a hierarchical one (in Zoquitlán)

to a more horizontal (in Cuauhtémoc) as income increases, but such preference did not seem
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consistent with energy services that were more strongly correlated with human well-being.

Thus, improvements of energy services seemed to occur in blocks comprising relevant and

rather irrelevant elements for higher well-being levels.

These �ndings put forward the hypothesis that energy use and well-being may not

be linked equally strong through energy services at all income levels. Energy services as

a linkage between energy use and well-being might be more important at middle incomes

compared to lower and higher ones.
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V. Energy services and demographic, household, equipment and energy related

predictors

5.1 Introduction

As previously described throughout this thesis (sections 1.3.2 and 4.1), energy ser-

vices (ES) are one crucial linkage to understand the connection between energy use and

human well-being. It has been demonstrated that ES measured in a satisfaction scale

can act as well-being surrogates, representing the bene�ts from energy use at households

(chapter IV). However, several aspects of ES are still unexplored. Besides how ES connect

with overall well-being (the matter of study in the previous chapter), how ES connect

with material consumption through end-uses (or further elements) is another crucial issue.

This chapter is devoted to explore such concern, based entirely on the published work by

Cravioto et al. (2014).

As already explained (sections 1.3.2 and 4.1), ES is a rather new concept, few times

mentioned in the literature, but often misinterpreted for closely related ideas. Several

studies have confused ES with end-uses of energy (Sovacool, 2011a and 2011b; Jonsson et

al., 2011; Hass et al., 2008; Modi et al., 2006; Norgard, 2000; Wirl, 1995; Kahane, 1991;

Reister and Devine, 1981). And they have assumed that measuring ES in money, heat, work

or temperature can act as surrogates of satisfaction. Such a premise is not accurate, given

that is known that decouplings exist between material indicators and various measures of

well-being or life satisfaction (Pasternak, 2000; Mazur, 2011; Steinberg and Roberts, 2010;

Mazur and Rosa, 1974). ES need to actually re�ect energy surrogates of well-being feasible

only through the use of a real satisfaction scale (chapter IV).

On the other hand, ES are end-uses of energy mixed with further elements (Sova-

cool, 2011a and 2011b), making the relationship between material consumption and ES

another important aspect for study. This link with material predictors has recently drawn

more interest than the ES-well-being link, but is still exploring the essential interactions.

Within the small available literature, probably the pioneering study by Sovacool (2011a)

has been the most important, where several aspects of ES among urban income groups

were compared. Sovacool observed that as income increases, there were changes in three
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ES-related aspects, namely, higher direct and indirect energy consumption, diverse factors

driving energy use and lesser number of ES within the households. He labelled his �ndings

�the energy service ladder hypothesis�, but since no real satisfaction scale was used on any

of the references in his study, it remains an interesting premise for investigation.

Besides theory, ES also point to act as a powerful policy tool (Modi et al., 2006). ES

can bring to light how overall well-being gains come solely from energy related surrogates,

as well as how these surrogates improve solely from increased energy (or other material)

consumption. In other words, ES act as a two-way linkage in the energy-well-being link,

controlling for other non-energy related aspects. As demonstrated by chapter IV, ES can

even isolate the energy bene�ts outside the households. Thus, the study of ES from this

material perspective is particularly useful to inform sustainable energy use paths focused

on household energy consumption, as well as welfare and development policies focused on

commodities (e.g. equipment acquisition or newer technology).

5.1.1 Purpose. Corresponding to the second part of the household-level asess-

ment of the connection between human well-being and energy use, this chapter is aimed at

analysing how seventeen demographic and material predictors can explain gains on (six)

energy services (illumination, temperature regulation, food preservation, communications,

transport and entertainment) taken as energy surrogates of human well-being.

5.2 Method

5.2.1 Data collection and questionnaire. As explained in sections 2.2 and 4.2.2,

the necessary data was obtained through a survey directly conducted in Mexican house-

holds. The two Mexican communities selected had di¤erent income levels suitable for the

needs of the analysis. The data was collected in March 2011, simultaneously with that

for chapter IV. The �nal sample comprised 40 questionnaires from Zoquitlán and 58 from

Cuauhtémoc.

Besides the six ES (illumination, temperature regulation, food preservation, commu-

nications, transport and entertainment) measured in the 5-point Likert scale (see section
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4.2.3 for details), �ve complementary sections retrieved through the same survey were

utilised in this chapter. These sections comprised the following:

1. Socio-demographic information such as gender, age, occupation, and other aspects

of individual consumption (purchase rate of goods, food and mobile ownership),

2. Household characteristics including age, size (number of members), type of house,

materials (wall, ceiling, �oor) and number of rooms,

3. Household equipment, such as the number of appliances and how long ago were they

purchased (see table 11 for the list of appliances considered), and

4. Average monthly payment of energy (types included: electricity, gas, fuelwood, char-

coal and petrol).

The questionnaire used to retrieve the information can be found in appendix B.

Table 11 Surveyed household appliances
Air conditioner Fan (electric) Microwave oven Stove (gas)

Blender Gas tank Motorcycle Teapot (electric)
Boiler Hairdryer Oven Toaster (electric)
Bulbs Heater (electric) Phone TV
Car Heater (gas) Printer Videogames

Computer Heater (other) Radio Videoplayer
DVD Heating system Refrigerator Washing machine

Extractor Iron Stove (electric) Water pump

5.2.2 Energy services predictors and classi�cation by blocks. After screening the

data, explicit predictors and blocks of predictors were built for the analysis.

A �rst block called �demographics�included socio-demographic pro�les of the house-

hold. This comprised gender, age, family type, maternity, job status and a uence of

the respondent. �Gender�, �age�and �job status�were taken as reported in the survey,

while �family type�, �maternity�and �a uence�were variables constructed from the data.

�Family type� and �maternity�were classi�cations based on the details of the members

living in the household, while �a uence�was a component created through a Principal

Component Analysis (PCA) on �ve related variables (possession of mobile phone and car,
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clothes purchasing rate, number of clothes owned and household occupancy1). �A uence�

as conceived through this approach is a proxy of how wealthy the respondent is, because

the actual income levels could not be asked directly to the participants. As will be observed

later (section 5.3.2.4), this metric was quite homogeneous within each region, justifying

the comparison of locations to understand the e¤ect of large income di¤erences.

A second block called �household characteristics� included six predictors related to

features in the house. These were �household age�, �type� and �occupancy�, as well as

wall, �ceiling�and ��oor materials�, all taken as provided in the survey.

A third block called �household equipment� included two concepts: the number of

household appliances and the type of technology. As both predictors encompassed a large

number of elements, they were also obtained through PCAs. The �rst one, �household

appliances�, condensed the number of available appliances, and the second, �household

technology�, the average age of these appliances. �Household technology�was assumed to

be positively correlated with the actual appliance technology.

Lastly, a fourth block called �energy� comprised three predictors derived from the

average consumption of �ve energy types. The energy consumption was �rst estimated by

converting the reported monthly expenditures on electricity, gas, fuelwood, charcoal and

petrol into energy amounts, using household size and the factors in table 12. Then, the

predictors were reduced to components through PCAs, yielding the concepts of �modern

energy�, �traditional energy�and �petrol�. Table 13 summarises all these variables and

blocks.

5.2.3 Simpli�cation of variables with multiple items. As explained in the previous

section, PCAs were used to simplify variables with multiple items. In some cases this

procedure used data from the total sample, while in others it used the regional samples.

For �a uence�, the PCA took the total data because a more realistic wealth measure could

be captured using the whole sample. In contrast, for �household appliances�, �household

technology� and �energy� the data was taken by region, to stress the deviations from

the mean reported in each location. The procedures to conduct the PCAs were detailed

1�Household occupancy�is de�ned as the number of persons per room in the household.
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Table 12 Energy conversion factors

Table 13 Energy services and predictors
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in section 2.4 and have been already conducted for ES in chapter IV. The resulting ES

components of chapter IV and the ones obtained here are used in the subsequent multiple

regression analyses brie�y explained in section 2.4 and detailed below.

5.2.4 Predictor discrimination by block. Once blocks were de�ned, the next step

consisted in selecting the most signi�cant elements. This helped to keep parsimony in the

association analysis between ES and its predictors. The process entailed a backward re-

gression of the predictors within the block, and a hierarchical regression to verify explained

variance and �t when several predictors were signi�cant.

5.2.5 Block analysis. After selecting the signi�cant predictors by block, the

contribution of each block on ES was analysed. Thus, a further hierarchical regression

analysis using the signi�cant predictors by block was performed. �Demographics�was �rst

introduced in the regression model, followed by �household characteristics�, �equipment�

and �energy�. Following, the blocks��nal contributions (in terms of beta weights, model �t

and variance) were analysed, assuming that by introducing them in the stated order, their

unique contribution is controlled. Figure 18 graphically represents the energy-well-being

link, and the section under investigation (ES).

Lastly, to elucidate the e¤ects attributable to large income di¤erences a comparison

between locations of the previous regressions was done. This comparison was based on

how predictors with multiple elements were condensed by the PCAs, and on how the links

between ES and their predictors changed.

5.3 Results

5.3.1 Descriptive statistics. As reported in section 4.3, households in Cuauhté-

moc reported higher ES scores and better general conditions than households in Zoquitlán.

This di¤erence was also observed for household equipment, energy consumption and af-

�uence. Table 19 in appendix A presents a summary of the descriptive statistics of the

surveyed data.

5.3.2 Simpli�cation of variables with multiple items.
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Figure 18 Energy services and its predictors within the energy-to-well-being chain

5.3.2.1 Household appliances. The average appliance saturation level was

above 80 percent among households in Cuauhtémoc, compared to 50 percent in Zoquitlán.

The observable di¤erence on appliance�s possession rates retrieved through the survey co-

incided with recent studies, which report more appliance penetration among higher income

groups (Rosas et al., 2010). However, a closer inspection on the data, particularly through

the PCA results, showed that household appliances seemed to vary not only in number,

but also on their role from the user�s perspective. While in Cuauhtémoc the PCA so-

lution yielded two signi�cant eigenvalues, in Zoquitlán it yielded three (see table 20 in

appendix A for the detailed loadings), and although the variance explained by region was

equivalent, there were di¤erences in the number and grouping of the appliances within the

components. We hypothesise that such variation re�ects how some appliances might be

more important than others, and such perception might change as a uence levels increase

(section 5.4 provides a more detailed discussion). Thus, appliances essential for daily living

are considered within the �rst component, followed by appliances relatively less essential

in the second, and appliances more associated with luxury in the third (only observed in

Zoquitlán).
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For subsequent regression analyses, the scales above needed some statistical improve-

ments (low number of list-wise samples, reliability coe¢ cients, sampling adequacy and

explained variance). Thus, following the procedure of element discrimination described

in sections 2.4 and 5.2.3, a �nal two-component solution in both regions was obtained,

comprising the more general concepts of �basic�and �secondary�appliances (see table 21,

appendix A for the detailed loadings). These new components merged secondary and lux-

ury items in Zoquitlán, and had only slight di¤erences from the originals in Cuauhtémoc,

but for both sites they improved statistical performance, resulting in better predictors for

the regressions.

5.3.2.2 Household technology. In contrast to household appliances, both

regions summarised household technology in a single component, without the need of any

discrimination procedures. Such information included nine elements for Cuauhtémoc and

�ve for Zoquitlán (detailed loadings in table 23, appendix A).

5.3.2.3 Energy consumption. Three variables were obtained from the PCAs

in this block. Gas and electricity use were reduced into one component (in both locations),

labelled �modern energy�. Fuelwood and charcoal were grouped in another (only available

in Zoquitlán), labelled �traditional energy�. Petrol use did not seem to �t well in neither,

thus it was treated separately.

Although the concepts summarised by the two obtained components seemed rather

heterogeneous2, they accurately represented the variation in energy use (see constituent�s

variance in table 24, appendix A). Thus, were considered adequate for the regressions.

5.3.2.4 A uence. Lastly, the variables associated with lifestyle created the

�a uence�metric. As explained in section 5.2.2, these included �ve elements: possession

of mobile phone and car, the frequency of clothing purchases, number of clothes owned

and household occupancy, which summarised together seemed barely satisfactory from

2 In statistical terms this meant that the elements showed lower consistency in the obtained PCA
components.
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the statistical standpoint3. Hence, to improve the component, the clothing purchase rate

variable was removed and a more consistent result was obtained (see table 25 in appendix

A for detailed loadings). This �nal �a uence� component could summarise better the

concepts encompassed4.

Figure 19 A uence by region

It is noteworthy to mention here that, even though the metric is useful as a control for

a uence e¤ects within each location, the component resulted quite homogeneous within

the regions (�gure 19). Thus, the subsequent comparison of ES regression models between

regions is justi�ed, assuming that any observed di¤erences are attributable to this a uence

(income) gap, given that geographical and cultural factors are already controlled with the

sample selection.

5.3.3 Predictor discrimination by block.

5.3.3.1 Demographics. Di¤erent by region, two signi�cant parameters from

the demographics block best explained ES. For Zoquitlán, �maternity�and �family type�,

3 It was a single-factor PCA solution, which although combined most elements in acceptable sampling
adequacies (above 0.6 except for clothes purchasing rate), it showed a slightly low internal consistency
(alpha=0.517).

4The internal consistency of the new metric was 0.871 and a KMO sampling adequacy of 0.788, well
above the acceptable limit of 0.5 (Field, 2009).
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strongly associated to �primary�and �secondary ES�respectively (table 14). For �primary

ES�, households with children reported higher levels than those without them, whereas

higher �secondary ES� were observed among persons living by themselves compared to

nuclear families (�gure 20). In addition, �a uence�did not seem to strongly correlate to

any of both ES, indicating that small di¤erences in the prosperity of lifestyles among the

less a uent might poorly re�ect in ES improvement at home.

For Cuauhtémoc, in contrast, �age�and �a uence�were the most relevant predictors

(table 14). For age, large variations of �ES�scores were found in the ranges of 10 to 40 year

old respondents, while among older ones �ES� scores became more homogeneous (�gure

21). The same was observed for �a uence�, having less �ES�variance among the higher

scores (�gure 5.4). Also, because this model could considerably explain the �ES�observed

(26 percent of the variance), all indicated that contrary to less a uent families, among

higher incomes, lifestyle prosperity better re�ected in the ES used at home. As will be later

con�rmed, for Cuauhtémoc this block took the largest predictive power, greatly controlling

for the others.

5.3.3.2 Household characteristics. For household characteristics, clear dif-

ferences between regions were observed again, both in terms of the most important pre-

dictors and their predictive power.

For �primary ES�in Zoquitlán, four predictors reported strong positive associations,

but only �household age�and �wall material�remained within the block after simplifying

(backward regression in table 15). Better materials used for walls positively correlated

with these ES, while older houses showed higher scores than newer ones (�gure 22).

For �secondary ES�, in turn, two predictors were strongly correlated. However,

only �household occupancy� remained relevant to these ES (table 15). As most scores

of occupancy concentrated in the lower ranges, and the few higher ones observed lower

�secondary ES�, this association was negative (�gure 23). In addition, the total predictive

power from this parameter seemed smaller compared to that attained by the predictors
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Figure 20 Maternity and primary ES, family type and secondary ES in Zoquitlán.

Figure 21 Age, a uence and ES in Cuauhtémoc
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Table 14 Standardised regression coe¢ cients for demographics and energy services

on �primary ES�(table 15). Thus, household characteristics seemed to strongly re�ect on

essential ES of less a uent households, with basic improvements as the most e¤ective.

In Cuauhtémoc, on the other hand, the strongest predictor was ��oor material�(table

15), but unlike Zoquitlán most households reported �high-end� type �oorings, yielding

small ES gains from further improvements (�gure 24). In addition, because this model

could not predict �ES�well enough as that of �primary�or �secondary ES�(table 15), this

suggested that enhancing household characteristics among higher incomes is less e¤ective

to re�ect in ES gains.

5.3.3.3 Household equipment. For household equipment, the availability of

commodities in general seemed more relevant than the technology used, but the ability to

predict ES gains by such parameters reduced as income increased.

On one hand, �basic�and �secondary appliances� in Zoquitlán appeared positively

related to �primary ES�fairly equally (�=0.3 and 0.4 respectively), while �household tech-
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Figure 22 Household age, wall material and primary ES in Zoquitlán

Figure 23 Household occupancy and secondary ES in Zoquitlán

nology�was negatively associated. In contrast, �secondary ES�were positively related to

better technology, rather than just the appliances in the house. The peculiar result sug-

gests that among the low income households, simply by having more home appliances

greatly improves the satisfaction with basic ES, but better technology may not have such

e¤ect, whereas for less basic ES the opposite holds. Additionally, both predictors reduced

to a single signi�cant element using backward regressions (�secondary appliances�for �pri-

mary ES�and �household technology�for �secondary ES�), but the predictive power was

markedly larger for �primary ES� (table 16). This con�rmed that improving the avail-

ability of appliances better re�ected in ES, rather than improvements in the technology

used.

106



Figure 24 Floor material and ES in Cuauhtémoc

On the other hand, in Cuauhtémoc �basic appliances�and �household technology�

showed minimal correlation with �ES�, but �secondary appliances�were moderately as-

sociated (table 16). Accordingly, the backward regression con�rmed that �secondary ap-

pliances�was the only important parameter in the block, but with less predictive power

than the previously observed in Zoquitlán (table 16).

All these �ndings imply that policy aiming to increase appliance acquisition should

target less a uent income groups and particularly those related to essential ES, whereas

technology should be targeted for the secondary ES of these income groups. For more

a uent households, such measures would simply not re�ect well on ES gains. Yet, careful

treatment should be given to all these aspects, as they might be controlled by any of the

other blocks already analysed. As will be observed in section 5.3.4, this holds for the case

under study.

5.3.3.4 Energy consumption. The �rst noticeable di¤erence from this block

was that all energy types -�traditional energy� (fuelwood and charcoal), �modern en-

ergy�(electricity and gas) and �petrol�- were used in households from Zoquitlán, whereas

households from Cuauhtémoc basically used �modern energy�. Additionally, a negative

correlation between �modern energy�and �traditional energy�was observed in Zoquitlán,

107



Table 15 Standardised regression coe¢ cients for household characteristics and energy
services

Table 16 Standardised regression coe¢ cients for household equipment and energy ser-
vices
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suggesting the so-called energy ladder hypothesis5. Yet, as will be discussed in section

5.4.1, this aspect might only hold for general energy use, and not when observed through

speci�c ES.

As for the associations within the block, the shifts from �traditional� to �modern

energy�had a positive e¤ect on �primary ES�in Zoquitlán, while �petrol�had a stronger

positive association with �secondary ES� (table 17). This di¤erence may be explained

by the fact that temperature regulation and food conservation are improved with the use

of electricity and/or gas, while transport and entertainment are more related to petrol

through the use of personal vehicles.

For Cuauhtémoc, on the other hand, increased use of �petrol� strongly associated

to �ES� gains, more than �modern energy� (table 17), which meant that higher energy

consumption from the increased use of vehicles and appliances re�ected somewhat propor-

tionally in ES gains.

Finally, the predictive power of the models were drastically di¤erent by region (model

�t in table 17), suggesting that as income increases energy consumption becomes less accu-

rately to predict ES. Policy should carefully consider this; on one hand, more energy con-

sumption seems not e¤ective to increase ES from middle incomes on, and although energy

consumption seems to re�ect well on ES gains in early stages of economic development, it is

still not clear if other more structural aspects (equipment, household characteristics, etc.)

a¤ect these gains. As will be observed in section 5.3.4, these aspects are also controlled by

other blocks.

5.3.4 Block analysis. The �nal regression considering all the previously selected

parameters con�rmed that clear regional di¤erences existed on predictive power and com-

position of the blocks explaining ES gains. First, in Cuauhtémoc, �demographics�largely

explained the gains, followed by �household characteristics�, �energy�, and �equipment�

(the latter almost unable to predict ES). In Zoquitlán, �primary ES� appeared largely

explained by �household characteristics�, but more modestly by the other blocks, while

5The energy ladder hypothesis states that households substitute traditional energy with modern energy
as their economic status increase (Hosier and Dowd, 1987).
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Table 17 Standardised regression coe¢ cients for energy consumption and energy services

�secondary ES�were explained rather similarly by �demographics�and �household char-

acteristics�but less by �energy�and �equipment�.

Considering all the blocks, the �nal predictive power was equivalent for the three

models, but this changed markedly controlling for demographics. As table 18 shows, the

largest reduction was observed in Cuauhtémoc, followed by �secondary ES� and lastly

�primary ES�in Zoquitlán (compare R2 and tot var. controlling for demographics).

In addition, as already reported in the previous section, the predictors within blocks

were di¤erent. �Primary ES�gains in Zoquitlán seemed related to �essential�household

features in the �rst place, followed by appliances and energy use, whereas �secondary ES�

were positively associated to technology and petrol use. For Cuauhtémoc, in contrast,

the signi�cant parameters could explain comparatively narrower ES gains6, brought about

by aspects commonly associated with luxury, e.g. a uence above the average, luxurious

household features (e.g. wooden �oors) and abundant energy consumption.

Lastly, as the blocks were introduced in the model, a reduction of explained vari-

ance was observed. For Zoquitlán, the supposedly large predictive power by �energy�

and �household equipment�(sections 5.3.3.4 and 5.3.3.3) dropped substantially when con-

6These factors explained mean ES scores above 4 in the 5 point scale used.
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trolling for �household characteristics� and �demographics�, being these blocks actually

the most important in the model. For Cuauhtémoc, a similar result was observed as the

contributions from �household characteristics�, �equipment�and �energy�reduced when

controlling for �demographics�.

All these results suggest that if policy aims to enhance essential ES of the less af-

�uent, the higher gains might actually come from structural aspects of households rather

than from household equipment or energy consumption. Only for the less essential ES of

this income group, technology might be e¤ective, whereas for more a uent households, ES

gains, in general, become narrower. Thus, technology substitution in low income house-

holds targeted by many countries should be carefully considered, and should be mixed

with strategies for the reduction of consumption among middle/higher income ones. Such

implications are further discussed in the following section.
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5.4 Discussion

As mentioned in the previous chapter, it should be noted hereafter that discussions

on the dynamic change based on the data surveyed are elaborated under the assumption

that the cross-sectional sample follows that behaviour. In reality unexpected outcomes

might be observed as any static model has such a limitation.

5.4.1 Implications on theory: �the energy service ladder�. The regional dif-

ferences found in this study seem to validate the recently conceptualised �ES ladder�

hypothesis (Sovacool, 2011a). The dynamics described in such theory state that, control-

ling for other factors (geography, climate, culture, etc.), an increase in economic status is

associated with changes in several energy-related concepts, fundamentally:

� The number of ES in households

� The energy types and indirect energy (embodied energy) used, and

� The driving factors of ES gains.

This section is devoted to explore such arguments based on the previously analysed

di¤erences between incomes focusing on:

a) How ES and its predictors were summarised through the PCAs, and

b) The regressions between ES and the predictors.

5.4.1.1 The PCA perspective. This �rst discussion is centred on how the

PCA analyses yielded components from the multivariate predictors. In general, these re-

sults showed that the region with less a uent households (Zoquitlán), summarised multiple

elements in greater number of components. This phenomenon held despite the fact that

the PCA components were able to explain an equivalent percentage of variance from the

summarised elements. Thus, it suggested that as income increases, a change in the house-

hold�s perception of these variables may take place, and hence, the pair-wise relationship

among such elements is captured by the PCAs. In support of such hypothesis, a detailed

discussion is elaborated hereafter, using each of the reduced predictors.
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Table 18 Energy services analysed by blocks using a hierarchical regression model by
region
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For �household appliances�, if the components de�ned in section 5.3.3.3 indeed emu-

late their hypothesised hierarchical categories (�basic�, �secondary�and �superior�), then

�secondary� and �superior� appliances in Zoquitlán became more �essential� from the

user�s perspective in Cuauhtémoc, probably due to the fact that greater income brings

about easier access to these appliances.

For ES, something similar can be observed. The grouping of ES in two components in

Zoquitlán (�primary ES�and �secondary ES�) suggests that when income is limited some

ES are prioritised and perceived as more essential for basic needs (temperature regulation,

food preservation and communications), while others seem to be less relevant (illumination,

transport and entertainment).

Figure 25 Modern and traditional energy use in Zoquitlán

For �energy�, on the other hand, the components had relatively equal results from

the PCAs in both regions, but di¤erences were noticeable in the energy types used. This

had some connection with the well-known energy ladder theory (Hosier and Dowd, 1987)

and the �ES ladder�hypothesis (Sovacool, 2011a) as �traditional�and �modern energy�

were used among the lower incomes, but only �modern energy�in the most a uent ones.

Shifts from �traditional�to �modern energy�, therefore, appeared valid as income increased

(�gure 25), but only when looked through the summarised ES, because the �energy ladder�

concept within Mexican communities has also been reported invalid for some cases, where

simultaneous use of several types of energy exist (Masera, 2000). Given such �ndings and
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our results, it may be that such preference is limited to certain ES (cooking or temperature

regulation), which might change when analysed integrated with other ES. As section 5.3.3.4

has noted, ES in general improve as shifts from �traditional�to �modern energy�take place

in the rural area under study. Thus, a simultaneous use of fuels does exist but energy shifts

associate, in general, to better ES.

Lastly, �household technology�also aggregated multiple elements in a rather similar

way suggesting a more horizontal preference for this concept. Although the analysed

data only used 57 (Cuauhtémoc) and 63 (Zoquitlán) percent of the available appliances,

the PCA solutions yielded a single-component for both, di¤erent only in terms of the

total variance explained (92.3% for Zoquitlán and 56.6% for Cuauhtémoc). Regarding

this di¤erence, it was initially suggested that by considering another component in the

PCA in Cuauhtémoc, equivalent variance would be explained and some elements would be

hierarchically segregated. However, the second eigenvalue from these results was small and

con�rmed as not signi�cant. Hence, all pointed to suggest that the consistent association

between the elements re�ects a �atter preference for acquiring technology, despite the

notable di¤erences in the average age of the equipment used among regions (see table 22

in appendix A).

In summary, these comparisons suggest that, in general, the less and the more a uent

households perceive ES and other related elements di¤erently, and such view is re�ected

in results from a Principal Component Analysis. As income increases in low income areas,

the multiple components associated to �basic�, �secondary�or �superior�needs, evolve for

the most part into fewer ones more �essential�, being better technology the only exception.

5.4.1.2 The ES predictors� perspective. The second part of this discus-

sion focus on two aspects observed using the associations between ES and its predictors.

Namely, that as income rise, the ES gains attained from material improvements have de-

creasing returns to scale (DRS), and, that despite �equipment�and �energy�might show

strong predictive power from any direct regression with ES, these will be considerably

reduced when controlling for other structural factors (�demographics� and �household

characteristics�).
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First, although it has been hypothesised that ES, in general, and particularly the most

basic are largely determined by �energy� and �household equipment� (Sovacool, 2011a;

Modi et al., 2006), the �ndings on �primary ES� from sections 5.3.3 and 5.3.4 suggests

that both are controlled by more fundamental aspects. In particular, section 5.3.4 supports

this, because the variance explained by �demographics� and �household characteristics�

changed little from predictors-based to block-based regressions, but dropped 82 and 90

percent for �equipment� and �energy� respectively. Throughout the analysis, however,

there was one consistent aspect: DRS in the ES gains in all the predictors, with the largest

gains coming from the �essential�improvements. Namely, large leaps from switching walls

made out of metal sheets and/or wood to adobe ones, switching soil �oors to concrete ones,

or the increase in the amount of appliances and energy used.

�Secondary ES�, on the other hand, seem to be less predictable by material aspects

and detached to the �essential� improvements, even among lower incomes. Sections 5.3.3

and 5.3.4 support this, as �appliance technology� and �petrol�, despite being strongly

associated to ES gains, could not predict �secondary ES�well when controlling for �de-

mographics�and �household characteristics�(4 - 5 % of explained variance).

Lastly, once income has increased, the gains on ES become fully dependent on com-

parative wealth (section 5.3.3.1) and the use of commodities associated to particular energy

types (section 5.3.3.4), but these gains seem to reach saturation points and become substan-

tially narrower, i.e. �a uence� and �energy� (particularly �petrol�) had a predominant

role to predict �ES� even after controlling for other factors (section 5.3.4). �Household

equipment�also seemed relevant, but gains were determined by improvements easily asso-

ciated with comfort rather than the satisfaction of basic needs (e.g. switches from concrete

to wooden �oors). And all the predictive power from these blocks explained comparatively

narrower variation of scores on �ES�(mean scores above 4 in the 5 point scale used).

All this suggests that, similarly to the relationship between well-being and energy use,

material improvements and ES satisfaction have DRS, and stronger associations among the

lower incomes. However, greater energy use and household equipment are not fully equiva-

lent to the gains, because depending on the type of ES (�primary ES�and �secondary ES�),

�household characteristics� or �demographics�may be more relevant compared to those
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parameters. Conversely, among higher incomes, ES become more homogeneously arranged

and the ES gains, if any, are narrower. These gains seemed less associated to basic mater-

ial improvements, and as theory suggests (Sovacool, 2011a), probably better explained by

alternative aspects, such as comfort or conspicuous consumption. The conclusion here is

�rst, that energy used for ES do not serve totally as a surrogate of ES satisfaction, and sec-

ond, that linkages between ES and direct or indirect (appliances) energy consumption have

strong di¤erences as income rise, added to the fact that when controlling for non-energy

related factors, ES gains are not well explained by both parameters.

From the aforementioned, several questions arise as to what extent will material

improvements targeted through commodities and energy use mean higher levels of hu-

man satisfaction (represented by ES). In addition, given the results from chapter IV on

the relationships between ES and LS, both results my in�uence the design of alternative

development paths.

5.5 Sustainable development in Mexico using energy services

Based on the �ndings of chapters IV and V, it might be plausible to consider that at

lower-incomes, material gains re�ect on well-being through certain energy services (ES). As

income increase, the range of ES becomes wider, and probably dissociates once a higher

income is reached. Sustainability policy should therefore consider �rst, that ES as the

energy-well-being linkage is highly determined by income level. The policy focus by income

level to enhance human well-being and reduce energy consumption is detailed below.

5.5.0.3 Low income households. Policy should note that ES in general (in

components) did not link strongly to well-being in this income group, only speci�c ES were

found strongly linked. A focus is needed on the aspects that enhance well-being through

ES, while there is a possibility of targeting well-being from outside ES at households.

What aspects are therefore important inside households among the less a uent? Im-

proving the most essential ES seems to create more favourable living conditions for this

income group. According to chapter V, the highest ES gains would mainly come from

focusing on simple material aspects on household conditions (e.g. wall and �oor materi-
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als). Thus, programmes to promote basic improvements on household infrastructure might

serve well to increase ES levels. Household equipment acquisition follows in importance.

Promoting access to �modern� energy would also yield positive ES gains (albeit rather

secondary compared to the two other characteristics). And �nally, technology transfer,

which although might serve to reduce large environmental impacts, did not seem to trans-

late into higher scores on all ES. All these measures would have an indirect e¤ect on

well-being through ES, being temperature regulation the one receiving the highest bene�ts

from improving technology or household conditions.

On the other hand, where should policy focus on to enhance well-being from outside

the household? Better transport. The fact that only temperature regulation and transport

associated strongly to well-being could demarcate policy in this direction. As suggested

by the results, targeting public transport would increase well-being levels directly being

mostly important among lower-incomes. Previous literature has also shown that energy

consumed for transport is the only end-use having impacts on well-being levels (Poortinga

et al., 2004). Thus, our policy suggestion seems consistent with results from previous

literature.

In sum, in terms of welfare maximisation, temperature regulation through the im-

provement of basic household conditions and transport through better public services would

become the most relevant targets in this income group.

5.5.0.4 Middle Income households. Policy targeting ES without any par-

ticular consideration would yield middle incomes receiving the largest bene�ts. This is

because ES in general (as measured by components) correlated positively and strongly to

well-being levels (see chapter IV). However, policy should also note that some speci�c

ES were more relevant for well-being above others. Thus, more e¤ective measures should

target the most important ES for this income group (temperature regulation, transport

and entertainment). The recommendation for low-income households previously detailed

was to target the essential ES through basic household conditions. But for more wealthy

households, targeting commodities and better technology seems more relevant. Never-

theless, it should be noted that as income increase, these gains have decreasing returns.
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Hence, a dim line between promoting �sustainable� consumption and stimulating it into

consumerism exists. This is a compelling reason to consider other alternative strategies to

simply promoting more e¢ cient end-uses of energy inside households in the name of higher

well-being levels.

All these alternative strategies could centre on technological elements outside homes,

e.g. material e¢ ciency from other sectors, but more actively, on social aspects enhancing

well-being. The fact that entertainment was strongly associated to well-being in this

group suggests that as income increase, indoor activities progressively relate to higher

well-being levels. Hence, it is not entirely clear if promoting more e¢ cient consumption

would ultimately yield positive or negative impacts. On the other hand, ES cannot be

explained by better technology after certain improvement in material levels, and gains

from better technology might come at the expense of creating a rebound e¤ect. The case

of Mexico with this respect is still rather unknown, but some recent studies (Davis et al.,

2012) con�rm the ample evidence of this phenomenon among developed (Sorrell, 2009)

and developing countries (Ouyang et al., 2010; Roy, 2000). Thus, simply targeting more

e¢ cient household equipment could result in a failed strategy, and instead, they should

combine the ES path with alternative means to increase well-being levels.

Among the social aspects enhancing well-being, one essential strategy not often con-

sidered would be the rede�nition of its crucial aspects. As the national-scale analysis based

on holistic measures suggest, better work-life balance or family life are two e¤ective mea-

sures to be stimulated. Policy should aim to design a more sustainable middle-class role

model, in which the value of leisure time is recovered. This certainly should be carefully

designed, and promoted along with alternative activities to consumption. As mentioned

earlier in this chapter, community participation, recreational, artistic or sport activities are

among the many other measures that might come in hand. This means also creating the

necessary infrastructure for such activities, as well as incentives for employers and other

agents involved in their promotion.

In sum, policy would yield strong e¤ects in this income group by means of targeting

better commodities and technology for ES at households (particularly temperature regula-

tion, transport and entertainment). However, alternative strategies should consider other
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elements outside homes and specially social aspects enhancing LS for more sustainable

lifestyles.

5.5.0.5 High Income households. For higher-income households, policy

should target methods to avoid extravagant consumption (including energy and commodi-

ties used). No gains on ES were observed from the increase on these parameters. ES

gains were controlled by demographic aspects, a uence (in particular), excessive house-

hold equipment and energy consumption, suggesting that the target of income use may be

entirely outside the domain of ES needs. The pursuit of these gains might be related to

social signalling or conspicuous consumption, correlating even less with real measures of

satisfaction (Graham, 2009). Hence, policy should prevent these lifestyles to become role

models, with alternative ones among the middle class. The high income households should

also be drawn into these new role models favouring work-life balance, family life or other

aspects discussed above.

Yet, it is recognised that designing policy for this income group is di¢ cult. Extrav-

agant energy consumption (private jets, yachts, sports cars, increased travel, etc.) satisfy

needs that have already crossed the threshold of better ES (or any other belonging). In

many cases, life motivations centre on the wealth creation process itself. Thus, the only

way to reduce consumption in this group is centring on alternative aspirations. The stimu-

lation of charity or promoting experiences or activities outside the domain of consumption

may come in hand. Revealing more clearly how higher quality goods compare to normal

goods in terms of ecological bene�ts could become a ground for �alternative social sig-

nalling�itself. Some analysts agree with such ideas (Cli¤, 2004). Additionally, it has often

be thought that among developing countries higher income households are not the most

pressing group for sustainability policy, yet it might be that considering its directional na-

ture, this group would become the most crucial, as it usually sets the aspirations of middle

and lower incomes.

5.5.1 Energy services as an instrument for local policy. In the context under

study (Mexico), policy has not considered any of the previous ideas as crucial dimensions

of well-being or development. Instead, it has focused almost exclusively on economic
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aspects (Federal, 2012). Mexican energy policy, on the other hand, has only concentrated

on energy provision e¢ ciency and prices (Energía, 2012), overlooking the connection to

well-being or life satisfaction attained by energy consumption.

A rede�nition of sustainable policy considering the previous recommendations should

be aimed. Policy actions prescribed based on these suggestions, segmented by income, and

through localised programs. For the less a uent simple changes on household conditions,

energy provision in localities and transport would provide satisfactory results. In turn,

better commodities and technology should be targeted among middle incomes. Lastly, a

rede�nition of the crucial aspects for well-being and development among middle, but above

all, among higher incomes.

5.5.2 Energy services as an instrument for regional or international policy.

In a more international context, although the previous analysis might apply to multiple

settings, they should be considered carefully. The connection between ES and well-being

might slightly di¤er among cultures (e.g. religious views, values, etc.), which is a fertile

ground for further research to create more generalised perspectives. General economic

conditions might also in�uence policy. Some developing countries, for example, might

�nd that the relationship between ES and material predictors are well in the range of the

middle-high income group here studied. Thus, the rede�nition of the crucial aspects for

well-being and development would be the most meaningful aspect to design sustainable

development policies. Extreme climates might also make the discussed premises deceptive,

as appliances like heaters and air conditioners would have intrinsic importance not given

for the analysed context. Rural and urban values might also make outcomes di¤erent,

given that in some countries there is a marked contrast in values. In short, more contexts

should be considered in further research to be able to generalise the �ndings.

5.6 Conclusion

This assessment of human well-being and energy use through energy services focused

on material predictors using Mexican household-level data of two regions is summarised as

follows.
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First, in households of the less a uent location (Zoquitlán) more than one component

summarised predictors with multiple variables (similarly to energy services in the previous

chapter), suggesting a hierarchical classi�cation.

Second, energy services gains from material improvements were only signi�cant in

the most essential energy services (temperature, food preservation, and communications)

of the less a uent region (Zoquitlán). In the same location, less essential energy services

(illumination, transport and entertainment) yielded modest gains. In the middle income

region (Cuauhtémoc) gains became even smaller.

Third, using the data from both regions energy services observed decreasing returns

to scale from material improvements, reaching saturation levels in higher income similarly

to broader well-being metrics. Thus, once a level attained, energy services and material

aspects also decouple.

Fourth, the improvement of essential energy services (temperature, food preservation,

and communications) in the less a uent region (Zoquitlán) seemed strongly associated to

material improvements, i.e. simple household conditions (e.g. wall and �oor materials).

More and better home equipment, as well as increases in energy use were relegated to a sec-

ond place. Appliance technology, although positive to reduce environmental impacts, only

seemed relevant to less-essential energy services (illumination, transport and entertain-

ment). And �nally, for households in the higher-income region, all the predictors (better

material conditions, higher levels of energy consumption or larger number of commodities)

yielded only minimal gains in energy services (measured through the component �general

ES�).

Considering the results from both regions, higher human well-being levels analysed

through energy services point to suggest that the most critical issues are improving simple

material aspects on household conditions among lower incomes, more e¢ cient end-uses

of energy among middle incomes and a rede�nition of a sound lifestyle focusing on other

aspects such as work-life balance, family life, etc. among higher incomes.
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VI. Conclusions

This thesis has explored the connection between human well-being and energy consumption

using two scales of analysis contextualised in Mexico. First, through a novel application of

Data Envelopment Analysis (DEA), three comparative-performance indices of well-being

in relation to energy use and environmental stress were built to evaluate holistic perfor-

mance in a country-level analysis. In the light of previous theory, crucial elements for

paths towards general sustainable performance and the case study were determined. Sec-

ond, through a novel measurement of energy services (ES) in Mexican households, an

assessement on how exactly energy use contributes to higher levels of well-being in the

case study was carried out.

Through the country-level analysis, it was found that higher e¢ ciencies of DEA-based

human development and well-being e¢ ciency indices associated with certain geographic

(tropical climate, speci�c regions), cultural (certain religious and language groups), de-

mographic (younger populations, reduced a uence levels) and lifestyle (better work-life

balance) elements. Higher DEA-based production e¢ ciency was only associated similarly

with lifestyle (stronly associated to higher work-life balance) and to a lesser extent with ge-

ographic (mixed climates, speci�c regions) and demographic (older populations, increased

a uence levels) elements.

All this demarcated the following considerations for a more sustainable performance

in Mexico. First, that increasing economic activity or energy consumption would yield

lower levels of e¢ ciency, as Mexico seemed already above the threshold of une¢ cient per-

formance (61.9% -production-; 16.6% -development-; 14.3% -well-being-). To attain a more

sustainable performance, a refocus towards an alternative path would be needed. In such

path, the following aspects should be considered: Given the results on the in�uence of cul-

tural elements, a local perspective seems crucial, because cultural traits regionally shared

may explain the barriers for achieving more e¢ cient performance. Internal geographic dif-

ferences should also be noted, as based on the results by climate in the holistically-observed

DEA e¢ ciencies, regions in the north, south and coasts might need more technology im-

provements to decrease the energy used and environmental impact of economic activities

and practices related to higher well-being levels (e.g. cooling and heating of space). How-
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ever, results point to suggest that the most important of the analysed elements is lifestyle.

Increasing leisure time or improving work-life balance and promoting alternatives to con-

sumption (e.g. community participation, recreational and artistic activities or sports)

seemed to yield the highest gains, but it would require the creation of necessary capacity

for such activities and incentives to the agents involved (productive units and population).

At the same time, through the household-level analysis by income group, it was

clear �rst, that households allow to visualise how energy contributes to higher levels of

human well-being through energy services (communications, entertainment, food preserva-

tion, illumination, temperature regulation and transport). Regarding this, transport and

temperature regulation seem the most important ES to enhance well-being levels, followed

by entertainment, being more relevant at middle incomes, and �nally illumination commu-

nications and food preservation at last. Second, that although ES gains showed a general

decrease in returns to scale from material increase, further improvements are needed by

income group as summarised below.

Among lower incomes, targeting basic household infrastructure focused on simple but

e¤ective reconditioning of wall and �oor materials would be the most e¤ective. Promoting

access to �modern�energy (electricity and gas) would come in second place, and improving

appliance technology, despite it might serve to reduce large environmental impacts, would

come third, as it re�ected less on ES (and ultimately well-being). These measures would

increase well-being levels mostly through better temperature regulation (the most impor-

tant ES for well-being in this group). Additionally, improving public transport services

could also yield similar results because transport had the same importance as temperature

regulation in this income group.

Among middle incomes, further ES associated to well-being (entertainment, besides

transport and temperature regulation), suggesting that as income increase, energy con-

sumption for indoor activities progressively relate to well-being levels. To enhance these

ES, commodities and better technology seemed more relevant than household conditions,

but the linkages to material gains reduced, particularly at higher income levels.
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In sum, the connection between human well-being and energy use is determined by a

set of geographic, demographic, material and lifestyle considerations that should set future

strategies to enhance well-being in Mexico as seen through energy use. Among these,

policy should be designed considering region, climate, income-level and lifestyle practices.

A more sustainable middle-class role model is also crucial, rede�ning aspirations for well-

being. Two possible stimuli could be activities associated to promoting leisure time such

as better work-life balance or family life, but these should come with alternative activities

to consuming.

The �ndings of this thesis may set a pathway to build more comprehensive analyses

on crucial aspects to creating sustainable development paths based on the connection

between human well-being and energy use. It is also an starting point to bring welfare,

energy and environmental policy together in a more holistic perspective. Future research

should consider the recommendations detailed in the following and �nal chapter (VII).
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VII. Further research

The previous studies are the �rst approximation to a more comprehensive understanding

of linkages between energy use and well-being. Future work could focus on a macro or

a micro-scale, or combine aspects from both scales in more sophisticated analyses. The

following paragraphs present a series of recommendations for this thesis� analyses with

the aim to advance the understanding of the energy-well-being link and to �nd tractable

methods serving policy design.

7.1 Energy and well-being in a macro-scale and sustainable development (the Goldemberg

corner)

Future macro-scale works approaching the link through a holistic multi-dimensional

comparative index could consider the following suggestions. First, as e¢ ciency scores may

change in time it is advisable to utilise time series analyses. DEA has the capabilities to

make such models. When data availability might becomes an issue, surveying data might

be necessary for more comprehensive studies.

Second, larger data sets would allow the use of multivariate regression models to

search for predictors able to explain with more detail holistic e¢ ciency in the Goldem-

berg corner (chapter III). These approach would test predictors or blocks of predictors

controlling for geography, demographics and socio-cultural elements through hierarchical

regressions.

Third, several technical improvements are also feasible inside the formulations. For

example, energy consumption (TPES per capita) as one of the inputs is assumed to have a

causal e¤ect with the outputs (GDP per capita, HDI and subjective well-being), whereas

CO2 emissions, an undesirable output, was also treated as an input for simplicity in the

formulation (see section 3.2.4). This consideration can be the subject of further compar-

isons by building the equivalent undesirable-output model without treating it as an input.

Other improvements akin would include a comparison of results with a BCC DEA model,

breaking the assumption of the constant returns to scale (in the output) in search for any

considerable di¤erences.
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More complex relations using several predictors besides energy consumption and

environmental stress could also be the subject of further studies. Such approach would

only be limited by the amount of information available to explain e¢ ciency scores, because

the fewer countries considered, the less accurate the outcomes.

Finally, the use of such holistic indices might also help create sustainability targets.

Such an approach seems feasible by using a dummy country in the analysis. Given a set of

indicators, this �ctitious country would represent an exemplary sustainable performance.

Hence, all other peers would be evaluated compared to it, and the analysis of slacks would

explicitly determine improvement targets for each country. Naturally, the approach could

help to set environmental or economic targets in international binding agreements, using

either cross-country or time series data.

7.2 Energy and well-being in a micro-scale and energy services as a linkage

In a more localised scale, the analysis of energy services at household showed a novel

approach to link both ends. However, several improvements are advised to create more

robust and comprehensive analyses.

First, further research should consider more ES and multiple contexts. Replicating

this research in other locations with variations on rural/urban contexts, cultural back-

ground, climates and higher strati�cations of income level is also desirable. Time series

analyses would also add robustness to the analyses, both in relation to well-being mea-

sures (chap. IV), as well as with material predictors (chap. V). More accurate information

would serve for better sustainability policy design in local contexts, particularly on mea-

sures to improve end-uses of energy in households through technology transfer programs,

etc.

Furthermore, energy services might also be analysed through the holistic e¢ ciency

approaches of chapter III, provided that larger data sets become available (or surveyed).

This would o¤er a fertile ground for more approaches integrating both methodological

aspects discussed in this thesis, centred on questions such as: what factors can describe

the most e¢ cient households?, etc.
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Finally, as energy and well-being have other connections not only through consump-

tion inside households, the links between material conditions (and energy indirectly) and

well-being could be brought into similar analyses. More sophisticated approaches, such as

path analysis or structural equation modelling might be useful to study these interactions.

This would complement the �ndings on energy services as one energy-well-being linkage,

building a more comprehensive description of the energy-well-being link.
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Appendix A. Chapter 4 and 5 survey results and PCA analyses
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Table 19 Descriptive statistics of material predictors of energy services

133



Table 20 PCA factor loadings on number of household appliances (direct oblimin rota-
tion)
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Table 21 PCA factor loadings on number of household appliances. Reduced scale (direct
oblimin rotation).
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Table 22 Descriptive statistics of household appliance age

Table 23 PCA factor loadings on household technology (appliance age). Direct oblimin
rotation.
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Table 24 PCA factor loadings on energy use (direct oblimin rotation)

Table 25 PCA factor loadings on a uence related elements. Total sample (direct oblimin
rotation).
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Appendix B. Questionnaire
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Appendix C. Source data
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Table 26 Previous sustainability indices used in chapter 3
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Table 27 Chapter 3 data on geographical and demographic predictors
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Table 28 Chapter 3 data on cultural predictors
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Table 29 Chapter 3 data for DEA formulations
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Table 30 Chapter 3 DEA envelopment models�coe¢ cients (weights)
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Table 31 Chapter 4 and 5 energy services survey variable list (1/2)
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Table 32 Chapter 4 and 5 energy services survey variable list (2/2)
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Table 40 Chapter 4 and 5 energy services survey data (8/14)
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Table 41 Chapter 4 and 5 energy services survey data (9/14)
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Table 42 Chapter 4 and 5 energy services survey data (10/14)

160



Table 43 Chapter 4 and 5 energy services survey data (11/14)
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Table 44 Chapter 4 and 5 energy services survey data (12/14)
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Table 45 Chapter 4 and 5 energy services survey data (13/14)
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Table 46 Chapter 4 and 5 energy services survey data (14/14)
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