The multidimensionality of energy poverty in Brazil: an a historical analysis
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A B S T R A C T
The different dimensions that characterize energy poverty can be assessed by a Multidimensional Energy Poverty Index (MEPI). This study adapts and calculates MEPI for Brazil, contributing to understanding the evolution of incidence and intensity of energy poverty in the country. Using three different energy dimensions – physical access, appliances ownership, and affordability – we calculate MEPI for the 2002-2018 period. Results show that, despite a significant improvement in access to modern energy fuels and in the ownership of some primary appliances, Brazil still shows a significant prevalence of energy poverty. Problems related to affordability have not been widely solved, and nowadays this remains the main issue. There are still 11% of households living in energy poverty conditions and, in rural areas, this number reaches 16%. Considering the social and geographic heterogeneity of Brazil, we characterize energy poverty across different regions and socioeconomic groups. Results show that the isolated areas in the northern regions are the most deprived of energy services. We finally underscore the income inequality that is somehow relatesed to situations of energy poverty. Non-energy poor households tend to have an income at least twice as high as that those households considered energy poor. 
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Introduction
Guaranteeing access to affordable, reliable, sustainable, and modern energy services for all is an important challenge of this century. It has become a stand-alone goal of the 2030 Agenda for Sustainable Development and some of its with the Sustainable Development Goals (SDGs) number seven, , e.g., Aaiming at ensuring affordable and Cleanclean Eenergy (SDG 7)for all. Energy is critical for achieving decent living standards [1] and satisfying basic human needs [2]. Assessments of the interlinkages between SDG 7 and other SDGs have highlighted energy’s central role in achieving sustainable development [3], but in 2019, aboutsome 770 million people still lacked electricity, and 2.8 billion did not use cleanused harmful and polluting cooking fuels [4,5].
Overall, energy poverty can be defined as the household’s inability to achieve certain levels of energy services, also known as energy deprivation[6]. There are many different forms to understand this problem, and it can be described using a driving forces perspective, an energy end use view or observing the consequences related to the energy deprivation [6]. According to González-Eguino [7], three alternative but complementary approaches focusing on energy access can measure energy poverty. These approaches consider that a person is energy poor if energy cannot be used due to technological, physical economic, or physical economic limitations. The technological approaches indicate that energy poverty is related to infrastructure constraints in accessing modern energy fuels. The lack of connection to an electrical grid and the extensive use of biomass for cooking is central to the characterization of energy poverty in developing countries, where primary access to energy is a common problem [7–9]., and  Lack of access to energy has been widely used as a proxy to measure energy poverty and has been defined in many different ways, depending on the context [6,7,10–12]. 
Beyond this form of understanding energy access and energy poverty, there are other ways of comprehending and framing this issue. For instance, whenWhen it comes to developed economies, structural access is no longer a major concern. , and The literature focuses on affordability the affordability problem, using and uses expenditure-based indicators to measure energy poverty [9,11,13,14]. In this senseWhen focusing on the economic dimension, people are considered energy poor or  or fuel poor, when they cannot there is an inability to pay for essential energy services [15–17]. 	Comment by DE CIAN Enrica: To me affordability is clear
On the other hand, pPhysical threshold approaches [7], also known as or engineering-based[9] approacheapproachess, estimate a the minimum level of energy consumption required to fulfill basic needs [7–9,18,19]. The latter depends on many different parameters which are specific to other energy uses [20,21]. However, these physical indexesindices hide do not reveal several important aspects of consumption on relating to cultural and behavioral attributes that can be different at across subnational levels regions and across different socioeconomic groups [7,22]. Despite the focus on basic needs, Tthreshold indicators, such as those based on expenditure or physical metrics, may tend to overlook the complexity of energy poverty and its nuances, especially when considering that social relations, norms, and behaviors shape how people benefit differently from access to energy services [23].  	Comment by DE CIAN Enrica: In this context, it is okay to repeat approaches	Comment by DE CIAN Enrica: You mean basic needs? Here I think we need to add a sentence on how basic needs can be defined
Responding to he reviewer’s comment

enhance the connection between "energy services" and human development and wellbeing. Specifically by exemplifying those associated with basic needs (e.g. meal cooking and refrigeration), as well as those associated with good living conditions (e.g. fast internet connection, tv and entertainment).

	Comment by DE CIAN Enrica: You mean eng-based indices?
A more comprehensive metric is required to understand Understanding energy poverty in all its components requires a more comprehensive metric  [23,24] and that account for its multidimensionality,  indexes include other dimensions beyond access and expenditure [25,26]. The Multidimensional Energy Poverty Index (MEPI), described by Nussbaumer et al. [26], has been and adapted to different research contexts and objectives (e.g., [10,17,24,26–29]),. A recent development has led to the capability approach [30], which accounts for the relationship between wellbeing and human development [19]. MEPI provides a comprehensive approach to identify helps identify the multiple aspects in which a household is can be energy-deprived in and the main features and determinants of energy poverty for a specific contexts [30] and , helping to tailoto betterr and target tailor domestic energy policies [31]. 
	In some countries or regionsBrazil, a country in which several initiatives have guaranteed access to modern cooking fuels and electricity for low-income families [38], with programs such as Luz para Todos[footnoteRef:2], Auxílio Gás[footnoteRef:3], Tarifa Social[footnoteRef:4], and Bolsa Família[footnoteRef:5], research on energy poverty still overlooks its multifaceted nature. For instance, tThe literature for Brazil predominantly focuses predominantly on the implications of access and availability, on social dynamics or on the effects of national policies to eradicate the use of traditional fuels [32–34]. However, other Economic dimensions have received little attention [35], and studies have not explored energy poverty through the perspective of the energy services used. Even the most recent literature on the multidimensionality of energy poverty in Brazil has not quantified the results contribution of these additional dimensions [36]. Moreover, how a comprehensive notion of energy poverty varies across  or examined the situation across different regions, states, or and income groups remain to be examined [36,37]. 	Comment by Antonella Mazzone: Such as….. [2:  Luz para Todos is a program that aims to universalized electricity [58].]  [3:  Auxílio Gas were a social program established in 2002 that assist low-income families on the purchase of LPG through a bimonthly voucher [115]. ]  [4:  Tarifa Social is a discount on the electricity bill, provided by the Federal Government to registered low-income families [62]. ]  [5:  Bolsa Família is an income direct transfer program, with the aim of overcome their situation of poverty and vulnerability [116].] 

Brazil is an interesting case study because initiatives have guaranteed access to modern cooking fuels and electricity for low-income families [38], with programs such as Luz para Todos[footnoteRef:6], Auxílio Gás[footnoteRef:7], Tarifa Social[footnoteRef:8], and Bolsa Família[footnoteRef:9]. So far, Brazil has been successful in improving accessibility to electricity and to other modern fuels, like liquefied petroleum gas (LPG). However, accessibility is not enough to household’s satisfaction of basic energy services.  in recent years, Brazil plunged into a The recent severe economic crisis that ultimately have led the number of people living under poverty and extreme poverty conditions to levels comparable to decades ago [39], demonstrating that physical access to energy is only one aspect of reducing energy poverty and the widespread energy inequalities in the country [40]. The pre-Covid 19is economic disruption, coupled with the rising prices of LPG, forced people back to using traditional, cheaper, and pollutant energy fuels, such as firewood, charcoal, and other collectible flammable materials for cooking  [41–43]. This situation sheds light on the persistent problem of energy poverty in the country and highlights Brazilian families’ vulnerabilities, which go beyond solving the physical access problem. Such lessons are valuable to guide public policies that aim to eradicate energy poverty,  in a broader sense, not only in Brazil but in other countries that still face thosewith similar socio-economic problemsconditions. Better Uunderstanding the broader context of energy-poor families helps design policies that have a higher chance of success [29], especially . In countries characterized by persistent high inequalities. For example, it is critical to identify the profile of the social groups that live under conditions of energy deprivation and their surrounding infrastructure [10,44], because they are most likely to be pushed into energy poverty [45]. Beside understanding the overall situation of energy-poor households and their surrounding infrastructure [10,44], in countries characterized by large inequalities, it is also critical to identify the profile of the social groups that live under conditions of energy deprivation and are most likely to be pushed into energy poverty [45]. 	Comment by Antonella Mazzone:  [6: ]  [7: ]  [8: ]  [9: ] 

[bookmark: _Hlk90635229]This paper presents a comprehensive quantitative understanding of the different multiple dimensions of energy poverty in Brazil and their evolution over time. The Multidimensional Energy Poverty Index (MEPI) is adapted to the Brazilian case to quantify the number of energy-poor people (prevalence) and the intensity of this condition (severity). Multidimensional indices allow the understanding of multiple features and can clearly describe the evolution of the nature of energy poverty [26]. MEPI was developed to be used in different kinds of context and for different objectives, being adopted for various types of analyses, for developed [44,46,47] and developing regions[10,20,28,37,48]. 	Comment by DE CIAN Enrica: This was said already before when introducing MEPI. Or anyway, it would fit better there	Comment by DE CIAN Enrica: To me it is clear why we need a MEPI, I don’t think we have to justify it twice
Considering the importance of social and regional heterogeneity within the country [39,49–51], we analyze results for different regions and socioeconomic groups. To our best knowledge, there is no previous literature assessing historical multidimensional energy poverty indices indexes in developing countries focusing on the heterogeneity across regions, income groups, and between urban and rural areas. Studies at sub-regional and different income levels are important factors to orient policies, as they can identify problems and concerns related to certain conditions. 
The remainder of the paper is organized as follows. Next section introduces the context of energy poverty in Brazil. Section 3 presents the research method and describes the MEPI methodology, dimensions, and the data source for the case study. Section 4 provides the results, including sensitivity analyses. The discussion that follows in section 5 describes the limitations of physical access to modern energy sources in guaranteeing energy poverty eradication in the country and a social-economic characterization of those households considered as energy poor. Finally, we conclude by highlighting the main findings of this study and possible directions recommendations for policy design.

Brazilian energy context
Literature on energy poverty in Brazil has focused on the continued use of firewood for cooking and the lack of access to electricity, especially in rural areas [33,34,52,53]. Although physical access to modern fuels in Brazil is currently considered universal [54], infrastructure and affordability issues still hinder the benefits from using modern fuels [1,51,55]. The persistent use of firewood and charcoal for cooking is highly associated with household financial constraints [56]. Even though LPG is available for sale in almost every municipality in the country, low-income families still often stack use both LPG with and firewood for cooking [38], primarily because of budget constraints [38,39][footnoteRef:10]. The affordability problem has been discussed since the 1970s, and different public policies (e.g., Auxílio Gás) have focused on the transition from firewood to direct in trying to guarantee that all families could acquire LPG to substitute firewood for cooking. Direct interventions for LPGSuch policies use were substitutedwere substituted for by the Bolsa Família program in 2004, . This program aimedwhich grouped several social benefits to guarantee that families could afford a minimum basket of goods and services, including LPG., However,but the monthly assistance value of Bolsa Familia did not keep up with inflation and LPG price increases [52]. Recently, Bolsa Familia was has been discontinued and replaced by a new program called Auxílio Brasil, whose continuation after 2022 is still uncertain. These policiesSome studies argue that such policies were have been successful in making LPG more affordable for all, but there hasve been no significant advances since then [38], until finally in 2021[38], when the government launched a new LPG subsidy program [57]. The ongoing use of firewood can be associated with the high increase in LPG prices, which can reach take up 10% of the minimum wage[footnoteRef:11], and the lack of subsidies to support its use [35,38]. This new program intends to complement social protection programs under the current context of high LPG prices observed in 2021. 	Comment by Antonella Mazzone: When? [10:  There is, however, a cultural aspect of firewood consumption for cooking in some regions, which is not necessarily related to income  [81].]  [11:  LPG final prices in the state of Mato Grosso in Jun/21 compared to national minimum wage in 2021, value followed on state level [92,117]. ] 

Similarly to LPG, Eelectricity is available in to nearly 100% 99.8% of all Brazilian households. In the last two decades, a successful policy to universalize electricity access in rural areas has been implemented [41]. [41], Luz para todos (LpT), connected 3.5 million households, bringingbrought electricity access to approximately 16.9 million people [58]. Despite these advances, there are still areas without access to electricity [59], mostly in remote areas, and there are quality issues regarding the quality of with the service provided [54,60]. Moreover, people still face financial constraints to pay for energy services, and access to social security programs is not always guaranteed [55,61]. In 2010, the government created a program to subsidize electricity tariffs for low-income families and vulnerable groups. The Tarifa Social (TS) program offers discounts on tariffs for those registered in the Cadastro Único[footnoteRef:12] with a monthly consumption below 220 kWh. The discount varies from 65%, for low-income households consuming less than 30 kWh monthly, to 10%, for monthly consumption between 110 and 220 kWh. For indigenous groups, the discount can reach up to 100% [62]. On average, a Brazilian household consumes about 165 kWh/month, far above the 30-kWh of the highest discount range, and  low consumption levels usually occur in families that also lack other essential services, such as health and educational [55].	Comment by Antonella Mazzone: Need to connect this paragraph to the previous one – e.g. similarly to LPG, electricity is …. 	Comment by DE CIAN Enrica: Hope this is correct!	Comment by Antonella Mazzone: So , can you still call it ‘successful’?	Comment by DE CIAN Enrica: Could is the project is now over, can if still running [12:  Cadastro único is an instrument that identifies and characterizes low-income families. Since 2003, it is the main tool used by Brazilian State for the selection and inclusion of families in federal programs [118].] 

Both The programs, LpT and TS programs [63], along with economic growth and the expansion of other social programs like Bolsa Família (2000-2010) [55,64], contributed to contributed to increases the average ownership prevalence of appliances, such as xxxx to some extent [63], though these trends are mostly attributed to economic growth and the expansion of other social programs, like Bolsa Família, observed in the first decade of the 2000s [55,64]. The share of the population living under extreme poverty conditions[footnoteRef:13] fell from 11.5% in 2001 to 2.9% in 2014[65], when an economic disruption led circa of 4 million people back to that condition [41,65].   [13:  World bank definition: poverty headcount rate at $1.90 a day (2011 PPP)] 

Despite the increasing penetration of appliances in Brazilian households, ownership rates remain quite uneven, reflecting socioeconomic disparities. Some appliances, like washing machines and air conditioning, for example, are not present in all households and, in fact, are far from being present in most homes [55,61]. Brazil has a vast and heterogeneous territory. with significant differences across geographical regions in appliance ownership as well as in final energy consumption [46,62].	Comment by DE CIAN Enrica: These are two v different types of appliances. I would cite here appliances that are usually widespread, independently of climate conditions..	Comment by DE CIAN Enrica: Even washing machines?? You dish washer or the one for clothes?	Comment by Paula Borges: ?
Methodological approach
Our methodological approach is articulated in three steps. First, Since the relevance of the different components that give rise to a situation of energy poverty are context-specific, wewe  first define what the critical dimensions of energy poverty in Brazil are. Second, we gather the required data to measure the identified components. Lastly, we calculated the MEPI for whole countryat the national level, as well as across regions, income groups, and type of building environment place of residence (according urban/rural conditions).	Comment by Antonella Mazzone: Infrastructure?
Dimensions of energy poverty in Brazil
MEPI indicators assess the multidimensional nature of energy poverty through the lens of the energy services delivered to a household [26]. From this perspective, each dimension of the MEPI corresponds to a type of deprivation [66]. The fuel used and equipment ownership rates are the most commonly used metrics [7,30]. According to Nussbaumer et al. [26], each MEPI’s dimension can be computed so as to characterize the incidence of deprivation in a society (H)  as well as it’s the intensity (A) [10,26,47]. Considering the Brazilian context and based on the MEPI literature [10,14,67,68], we analyze three different dimensions related to  (i) Physical Access, (ii) Appliances Ownership, and (iii) Affordability (Table 1). Each dimension can vary from 0 to 1, with 1 representing the highest degree of energy service deprivation and 0 degree of ension of  non-deprivation. For each dimension, we have one or more parameters related to it. 	Comment by Antonella Mazzone: Such as… 	Comment by DE CIAN Enrica: Also this would be a good place to address the second comment of the first reviewers about the connection between en services and basic needs
Physical access is related to the access to modern energy fuels and is evaluated by two parameters: cooking and electricity, the latter indicated by lighting services [67]. If a household declares to use exclusively firewood or charcoal for cooking it is considered deprived (1); otherwise, non-deprived (0), indicating the use of LPG, natural gas, or electricity to cook. The metric does not consider fuel stacking, a common practice in Brazil [38]. Households that combine biomass with modern fuels for security reasons, or financial constraints, are captured by the Affordability dimension. 
Accessibility to electricity is the first step for a family to have different appliances and benefits from a wide range of energy services. Indeed, electricity access is associated with many benefits for individuals and their communities [53,69,70]. We measure electricity access in terms of grid connection or self-generation systems. Our metric is a binary indicator taking the value of 1 if a household is entirely deprived or a value of 0 if non-deprived. 
Appliances Ownership is the second dimension that can characterize situations of energy poverty. Considering the context of Brazil, we identify as the most relevant parameters food conservation, indoor thermal comfort, and access to information, communication and entertainment [10,67]. Refrigerators or freezers have an important role in people’s livelihood, as they allow the consumption of a variety of food types and the conservation of fresh food. These appliances are one of the first adopted by a household, as they offer an essential energy service [71]. Households are defined as deprived (1) if they do not own a refrigerator or a freezer. Entertainment, information and communication appliances allow people to fully participate in society [72] and have been associated with a higher education level  [70]. Therefore, they are included as another parameter within the Appliance Ownership dimension. The information/entertainment metric was based on two indicators, access to television and access to internet. Currently, television is being substituted or complemented by an internet connection, which can also supply communication services. A family is considered deprived of information (1) if they do not own a television or do not have internet access at home or from a mobile phone.
Considering Brazilian hot and humid climate [73], thermal comfort in relation to space cooling services is included as a dimension of energy poverty[footnoteRef:14]. As a metric for thermal comfort, we consider the ownership of air air-conditioning (AC) appliances, with 1 a value equal to one capturing a status of non-ownership and 0 a value equal to zero a status of ownership. Space cooling can be also obtained by fans, but these appliances work best in a situation of hot and dry climate. Moreover, the energy requirements are much more limited compared to air air-conditioning, which instead is the appliance that has been associated more with cooling gaps [74,75]. Since this energy service is most more important in hotter climates, we weigh the ownership parameter by the normalized Cooling Degree-Days wet bulb (CDDwb[footnoteRef:15]) indicator, which we called CDDnormal. CDDnormal varies from 0zero to 1one, with 1 on representing the hottest conditions observed in the country. The final parameter is obtainede by multiplying AC ownership by CDDnormal. To calculate the CDDnormal weight for the space cooling parameter, we use data that covers urban and rural areas and the States’ capitals  [76].  [14:  Space heating is not considered in this work. In Brazil, ownership of indoor heating are concentrated only in the South region and São Paulo State [119]. Here we work only with parameters that are relevant at the national level. ]  [15:  Cooling degree-days (CDD) is calculated by summing the differences between a threshold temperature and a daily mean outdoor air temperature, on a monthly or yearly basis. The threshold temperature is defined to correspond to the set-point temperature when cooling is needed. CDDwb is measured considering humidity, for wet-bulb conditions [76,120].] 

The third dimension, aAffordability, makes it possible to capture situations of limited capacity to actually use energy services, because of financial constraints [77]. There are several expenditure-based indicators, such as …a few examples [27]. Here we use a relative metric indicating a situation of energy poor situation poverty (metric = 1) if the share of energy expenses over total expenses is above a certain threshold. The threshold is twice the mean of the region’s energy expenses in which the household lives. Energy expenses include electricity, gas, and other fuels used at home, but they do not include transport. Total expenditure considers all the collective costs related to a household plus individuals’ expenses, such as transportation, health, travels, and others. As we intend to have a state-level analysis, the regional mean was calculated by state and urban/rural areas (Appendix A). We choose not to use national means, as the use of energy depends on regional and cultural aspects [61].
[bookmark: _Ref82715417]Table 1: Defined dimensions Dimensions and their associated parameters and with all their related information: their weights (wj, j={py, ap, af}), indicators, variables, and and defined thresholds 
	Dimension
	Parameters
	Indicator
	Variables
	Threshold (deprived if)

	Physical Access (py) 
	Cooking (ck) 
 
	Use of modern cooking fuels 
	Type of cooking fuel
	Use of firewood or coal for cooking 

	
	Electricity (ele) 
	Reliable electricity access 
	Electricity access (grid connection)
	Does not have grid connection

	Appliance's Ownership (ap)
 
	Space Cooling (cl) 
	Cooling appliance ownership 
	CDD normal
	Does not own (weighted by CDD normal)

	
	
	
	Has AC
	

	
	Information/Communication (i)

	Access to information 
	Has radio or TV
	Does not own

	
	
	
	Has internet access 
	Does not own

	
	Food Conservation (f) 
	Food conservation appliance ownership 
	Has refrigerator or freezer
	Does not own

	Affordability (af) 
	Energy Spending (exp)

	Energy expenditure ratio
	Energy expenses/total expenses
	> 2x local median 



Data source
We measure the indicators described in the previous section by using microdata on household’s expenditures and characteristics from the main national household expenditure survey (Pesquisa de Orçamentos Familiares _ POF) from the Brazilian Institute of Geography and Statistics (Instituto Brasileiro de Geografia e Estatística, IBGE) [78]. We use the three latest waves, 2002-2003, 2008-2009, and 2017-2018, covering a period of more than 15 years during which the country has seen significant structural changes [39,65]. The survey is based on a sample of approximately 50,000 households[footnoteRef:16] that represent all Brazilian homes. The questionnaires from the three waves contain information about household overall conditions, appliances ownership, individuals’ characteristics, and detailed income and expenses data. The analysis was made at the state level[footnoteRef:17], differentiating between urban and rural areas. [16:  Total households surveyed: 48,470 in 2002, 55,970 in 2008 and 57,920 in 2017.]  [17:  Brazil has 27 Federal Units, being 26 States and 1 Federal District ] 

Multidimensional Energy Poverty Index (MEPI)
We calculate MEPI for Brazil considering a population of n individuals and d dimensions, with  . The matrix  represents the deprivation sum for each individual i for each dimension j, with i being a household identified in the POF’s survey each year, and j= {py, ap or af}, as described in Table 1. Each dimension j is weighted equally, therefore, . Within each of the three dimensions, parameters are also equally distributed. For example, cooking and electricity within the Physical Access dimensions are weighted equally, representing a final weight of 1/6 and 1/6, respectively[footnoteRef:18]. [18:  This would be the dimension’ weight divided by the number of parameters considered. Each dimension has a weight of 1/3. In the case of Physical Access dimension, each parameter would have the final weight of 1/3 divided by two (numbers of parameters). For Appliances Ownership, each parameter would have the final weight of 1/3 divided by three. ] 

For the individual i,  is a weighted sum index representing its energy poverty score condition. It is calculated as shown in Equation 1:

[bookmark: _Ref83020428]Eq. 1
Where we defined: 

Eq. 2
An individual is defined as multidimensionally energy poor if her/his energy poverty score  is above a specific defined deprivation cut-off   , , where . The final score , if  and  if . The number of dimensions in which an individual is deprived can be identified by . The higher is  is, the greater the number of dimensions included to define a household as energy poor.  When 1, the individual suffers from deprivation in all dimensions. We prioritize access to electricity or modern energy fuels as the threshold that defines energy poverty in Brazil. Doing so, a household is considered energy poor if it does not have access to electricity or access to LPG/gas for cooking. In that case, the cut-off chosen is  = 1/6 (Table 1), meaning that a household lacks at least one of the two parameters of physical access dimension. 
Based on the above equations, we can define a multidimensional headcount ratio, H (Equation 3), which identifies the percentage of people considered energy poor according to the multiple dimensions (Table 1) and relative cut-off defined: 

[bookmark: _Ref83020555]Eq. 3
Where  is the number of people identified as energy poor. The intensity of energy poverty, A is calculated as an average of the deprivation vector :

Eq. 4
The multidimensional energy poverty index, MEPI, is then defined as the interaction between headcount and intensity:

[bookmark: _Ref83020738]Eq. 5
It is important to note that MEPI is very sensitive to the choice of dimensions and parameters, as well as to the choice of the cut-off and the weights [26]. For that reason, we run a sensitivity analysis for  and . We analyze different values for each variable. A sensitivity analysis for the cut-off values was performed, varying  from 0.1 to 0.9. The sensitivity analysis for the weight values is based on the rank exponent method [30], which allows to evaluate a range of combinations for  through an iterative approach for the three dimensions using different  values. For of the three dimensions () we ranked each one () according to its importance to the final measure. Given that, we calculate the dimension’s weights () based on the normalized individual ranks (), as shown by the equation 6 [79]:

Eq. 6
The parameter  is used to describe weights distance,  results in equal weights. The higher is  is; the steeper is the distribution of the weights. We ran this method for all possible rank combinations and for different  values. Rank positions for all the dimensions were combined with  limited to 2. Above  = 2, the dimension with the lowest weight became irrelevant (Appendix A). 
Results for energy poverty in Brazil
Analysis of energy poverty’s dimensions
Before examining the aggregate results for MEPI, we analyze each individual dimension of energy poverty for the 2002-2018 period. From Figure 1, it is possible to note that the Physical Access dimension in Brazil has become almost universal, having grown considerably since 2002, mainly in rural areas. The same is observed for the Appliances Ownership dimension. Over time, the Affordability dimension has not changed significantly. Energy-deprived households are mostly concentrated in rural areas. 
[image: ]
[bookmark: _Ref78037388]Figure 1: Evolution of Brazilian households deprived in the three dimensions of energy poverty - i) Physical Access; (ii) Appliances Ownership; and (iii) Affordability (2002-2017). Percentages indicate the fraction of households in a situation of deprivation with 100% being the maximum level of deprivation

The remaining households deprived in the Physical Access dimension, which accounted for 5.5% of total rural households, are primarily associated with the use of firewood and charcoal for cooking. In 2017, lack of access to electricity reached 2.7% and 0.1% in rural and urban areas, respectively. 
The Appliances Ownership dimension shows the greatest improvement over the analyzed period compared to other dimensions due to new electrical connections combined with the prosperous economic period in Brazil in the 2000s, when GDP’s average (2000-2010) annual growth rate was 3.7%. Households deprived in Appliances Ownership dimension decreased from 2002 to 2017, both in rural and urban localities, falling, respectively, from 45%  to 9% and from 13% to 3%, mostly due to the universal diffusion of TV and refrigerators [71]. The growth in food conservation equipment ownership achieved 95% in rural households and 99% in urban. AC ownership rate also increased along the observed period. But, unlike TVs and refrigerators, ACs are still not widespread in Brazil. AC ownership is largely dependent on outside temperaturelocal climate [82]. and the urban areas of Tthe Northern region, the register the hottest highest temperatures in the country, show theas well as the higher highest ownership rate of this appliance ownership when compared to the other regions. 
Unlike the other two dimensions analyzed, the share of households deprived in the Affordability dimension was kept constant, around 9% throughout the assessed period. We can see that there is a high degree of heterogeneity in all dimensions of energy poverty in Brazil, reflecting the differences observed across regions and income deciles[footnoteRef:19]. From a regional perspective – Figure 2 –, the North and Northeast regions started 2002 with the highest incidence of deprivation in the Physical Access and Appliances Ownership dimensions, which were significantly reduced through 2017. As a result, from 2002 toby  2017 the Affordability dimension, which stayed almost constant over the years, became the largest contributor to energy poverty in those regions. 	Comment by Antonella Mazzone: Check consistency with capital letters throughout the paper	Comment by DE CIAN Enrica: Yes, I would not capitalize the first letter [19:  Income decile is a measure that divides population into ten different groups, according to its income value. Each group represents ten percent of total population considered. In that study households are stratified, being the first decile the group of 10% poorest and the tenth decile representing the wealthiest households. ] 

 [image: Graphical user interface, chart, line chart
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Figure 2: Share of households in a situation of deprivation according to the three dimensions by region (2002-2018) 
Note: N= North, NE: North-East, MW: Midwest; S: South, SE: South-East. 
The high level of deprivation in the Physical Access and Appliances Ownership dimensions in the North and Northeast explain why, in 2002-2003, these regions had the lowest population deprived in terms of the Affordability dimension. First, it is necessary to have physical access to energy for a family to consume it. On the other hand, the South and Southeast regions that had the three dimensions close to the same level at the starting point were able to improve the conditions of Physical Access and Appliances Ownership but did not improve the Affordability dimension. Since the Affordability dimension is assessed in relative terms, it is not very sensitive across regions and rural/urban conditions (Figure 2), like the other dimensions. Overall, the improvements observed for the Physical Access dimension are highly associated with the decrease of biomass consumption, except in the North and Midwest regions, where advances in electricity access were the main reason for the progresses observed. Also, most households deprived in the Physical Access dimension are from rural areas. As for electrical connection, the deprivation is concentrated in the North region, and it is not significant in the other regions. More about the heterogeneity of the results can be seen in Appendix A.
Besides regional differences, income distribution has a significant influence on energy poverty conditions, endorsing previous studies [38,55,56,80]. In 2017-2018 for urban households, deprivation in the Physical Access and the Appliances Ownership dimensions were concentrated only in the first two deciles (Figure 3). Regarding the Affordability dimension, the discrepancy between the first and the tenth decile is more pronounced than in the other dimensions, especially in 2017-2018. Deprivation in this dimension is dependent on the existence of energy access and the electrical appliances used at home. 
Our results reveal households’ inability to pay for LPG in isolated rural areas. The distribution of LPG reaches almost all municipalities, but higher prices combined with low incomes lead to the use of firewood in these locations [34,52]. Although there is a cultural aspect for the continued consumption of firewood [81], this result is mainly related to financial constraints [38,39]. 
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[bookmark: _Ref82878640]Figure 3: Household share according to the three dimensions of energy poverty by income deciles and rural/urban situation in Brazil (2002-2018)
For the Appliances Ownership dimension, the difference in the deprivation rate between the first and tenth decile is not significant for 2017-2018. This is mainly due to the high presence of both TV and refrigerator in most households. On the other hand, income influences the AC ownership. In urban areas of the North region, where there is the higher AC adoption, 13% of first deciles households owns AC while in the tenth decile 85% of households have it.
Interestingly, the income heterogeneity observed in 2002-2003 and 2008-2009 for the Physical Access and Appliances Ownership dimensions were not maintained in 2017-2018. In this later period, the differences between the first and tenth decile are mostly for the Affordability dimension. In fact, Affordability is only an issue after there is no deprivation in the first two dimensions. Energy expenditure accounts for a large part of total expenses for low-income families. The wealthiest households (tenth decile) spend less than 3% of their budget on energy, even with an energy consumption 157% higher than the poorest ones (first decile). In contrast, energy expenditure of the lowest income deciles exceeds 20% of their budget. As a result, more than 30% of households in the first decile are deprived in this dimension. 
MEPI
Combining the energy poverty incidence (MEPI_H) and intensity (MEPI_A) , we calculated the MEPI for the Brazilian case study from 2002-2018. Results show a substantial reduction in energy-poor households in all regions (Figure 4). On average, in 2017-2018, 10.5% of households were classified as energy poor. When considering only rural homes, this percentage reaches 17%. Physical Access and Appliances Ownership improvements have lifted 30.7% of rural households out of the energy poverty situation between 2002 and 2017.
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[bookmark: _Ref80650554]Figure 4: Measure of Incidence and Intensity of energy poverty on the period observed (2002-2017)

Following the results for each dimension, the North region has the highest incidence of energy-poor households, 33.7% in rural areas and 14.0% in urban areas in 2017-2018. In 2002-2003, these numbers were 77.0% and 24.6%, respectively. Overall, rural households tend to be more energy poor. The lowest rate of energy poverty is observed in urban areas of the Midwest region. It is interesting to observe that the energy poverty intensity has not changed significantly since 2002. Intensity is calculated as an average of deprivation index, di, for households defined as energy-poor. Results show that energy-poor households maintained the same level of deprivation over time. On average, intensity went from 0.337, in 2002-2003, to 0.335, in 2017-2018. In addition to having the highest incidence of energy poverty, rural areas in the North and Northeast regions also have the highest values for energy poverty intensity. For rural areas of the State of Amazonas, intensity reached 0.402 in 2017, the highest observed at the State level (Appendix A). 
Figure 5 maps the results for MEPI for the different Brazilian States, which clearly shows the inequality across regions. MEPI considers both incidence and intensity, but since the latter did not change significantly over time, results mostly reflect the decrease of incidence, namely the share of households leaving the condition of energy poverty. In this sense, access to electricity in isolated areas can be considered one of the decisive factors for the improvement of MEPI in rural areas since 2002 (Figure 2). 
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[bookmark: _Ref79518800]Figure 5. Incidence and intensity of energy poverty through the MEPI index across Brazilian States over the period 2002-2017. A higher index is associated with a situation of more severe energy poverty. 
When we observe the results by decile, the incidence of energy poverty is predominant in low-income households (Table 3). In 2017-2018, MEPI_H reached around 44% among households in the first income decile, against less than 2% in the tenth decile. The same is not observed for MEPI_A, due to the method used to calculate the intensity index – an average of the deprivation index calculated only for individuals considered energy poor. 
[bookmark: _Ref80650625]Table 3: Average results of MEPI and its components (MEPI_H and MEPI_A) by income decile according to the last POF wave observed, 2017-2018
	
	Decile

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	MEPI_H
	0.440
	0.313
	0.268
	0.233
	0.175
	0.150
	0.114
	0.080
	0.046
	0.016

	MEPI_A
	0.356
	0.349
	0.343
	0.339
	0.333
	0.337
	0.330
	0.332
	0.318
	0.307

	MEPI
	0.156
	0.109
	0.092
	0.079
	0.058
	0.050
	0.038
	0.026
	0.015
	0.005


Sensitivity analysis
MEPI index is very sensitive to the choice of dimensions, their weights, and the cut-off values [26,82]. For that reason, we run some sensitivity analyses based on different cut-off values and weights composition for 2017-2018 wave. For the cut-off, , sensitivity values varied from the to  . An increase in  means that a household must be deprived in more dimensions to be considered energy poor. The higher is  is, the lower the number of households defined as energy poor. For example, a value of  means that a household is defined as energy-poor when it lacks half the dimensions observed. In this study, households deprived in all dimensions can be identified when . Absolute energy poverty with deprivation along all dimensions is not commonly observed in Brazil, albeit there may be a deprivation of specific services. Households deprived in all dimensions are mostly found in rural areas of the North and Northeast regions, namely the States of Amazonas, Pará, Piauí, and Maranhão (Appendix A). 
The number of households identified as energy poor is significantly lower, compared to the baseline , when we consider  (Figure 7). Rural North is the only area that still has high values of energy poverty incidence when  (when deprived in half of the parameters). Intensity of poverty is not as sensitive to the cut-off changes. This is because we measure MEPI_A as an average of all households with . Overall, MEPI is not significant in Brazil when  for urban and for  in rural areas (Figure 8). 
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Figure 7: Incidence (MEPI_H) and Intensity (MEPI_A) of energy poverty for different cut-off  values for 2017-2018 period. The closer   is to 1, the highest is the deprivation Incidence or Intensity of the region. 
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Figure 8: MEPI values in 2017-2018 for different cut-off (: as closer k is from 1, less households are defined as energy poor.
In addition, we compute different MEPI_H values for various combinations of weights. Figure 9 shows the minimum and maximum values for energy poverty for each region. The maximum incidence of poverty occurs when ,  and , showing that AC appliances ownership access is currently the primary service in deprivation in the country. Minimum values are found for ,  and .  Results from the sensitivity analysis do not change the overall conclusions. The same inequalities are observed. Rural households located in the North and Northeast regions remain with the highest values of MEPI_H, and low-income households are the mostly deprived in all situations. 
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[bookmark: _Ref90558664]Figure 9: Dimension’s weights sensitivity results by region for 2017-2018 period. The distribution bar indicates the maximum and minimum values of energy poverty when varying the dimensions weights. 
Discussion
The main objective of this work is to provide a comprehensive characterization of energy poverty in Brazil over time.We conclude with a discussion   This section discusses the results presented in the previous sections by focusing on of the heterogeneities of energy poverty in Brazil across regions and income levels and, . In addition, to better understand the context in which energy poverty arises, we briefly analyze the overall living conditions of those identified as energy poor. 	Comment by Antonella Mazzone: occurs?
Energy poverty and living surrounding conditions
By categorizing energy poverty according to some features of the households and individuals, we bring new evidence to statements made in previous studies that energy poverty is a contextual issue interlinked with other deprivation conditions. To understand how conditions of energy poverty are more often observed under certain circumstances, we identified the most vulnerable groups according to different geographical, infrastructure, and social characteristics, which could be very helpful for the design and targeting of new policies. 
The variables observed were chosen considering existing literature on energy poverty and minimum requirements for decent living [1,83]. Data from POF [78] provide information about households’ characteristics and their surrounding infrastructure situation. POF data on dwellingsHouse conditions not only contain information regarding natural lighting and reduced living spaces, while house structure is related to thebut also show the presence of roof leakages, humidity, and deteriorated materials. As for the surrounding infrastructure, data provides information about the existence of paved streets, potable water supply and sanitization. We acknowledge the presence of other dimensions that may influence the severity and consequences of energy poverty, such as geography [84] and urban planning [13], but we do not consider them here.
Previous studies highlight a correlation between living conditions and energy poverty [85,86]. A household’s condition can be used as a dimension to obtain energy poverty of a country [44], as it can be related to the building’s energy efficiency, especially for indoor thermal comfort related issues [87,88]. Households overall living conditions can be correlated with monetary poverty conditions, which is also a cause for energy poverty [89,90].
 Our dThe data shows that the overall living conditions of energy-poor households are significantly worse than non-poor ones, regarding both the house attributes and the general surrounding situation (Figure 6). AlsoMoreover, there is a lack of surrounding public infrastructure in Brazilian rural areas – the gap between rural and urban areas regarding access to paved streets, water supply and sewage is much larger than the difference gap observed inbetween other house’s attributes (household conditions and infrastructure). The lack of essential infrastructure can be correlated to the higher incidence of deprivation in physical energy access, while house characteristics approximate indicates family’s wealth conditions  monetary constraints, and probably and therefore related to Affordability deprivation. As stated in previous studies, there is a correlation between the living conditions and energy poverty situation[85,86]. The household’s condition can be used as a dimension to obtain energy poverty of a country [44], as it can be related to the building’s energy efficiency, especially for indoor thermal comfort related issues[87,88]. Also, household overall living conditions can be correlated with monetary poverty conditions, that also is a cause for energy poverty[89,90].v 	Comment by Antonella Mazzone: Capitalized like Affordability?	Comment by DE CIAN Enrica: Not clear..rephrase/ explain better the step from micro to macro
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Figure 6: Household overall living conditions considering its energy poverty situation
In Brazil, the lack of public infrastructure in rural areas is related to a broader context of geographical and economic isolation, which may be why energy poverty persists, especially in the Northern region, largely occupied by the Amazonian canopy. Large distances and the lack of affordable public transportation between towns and villages escalate the cost of food and essential goods (including LPG) to the local population, deepening economic and social inequalities [91]. The average cost of an LPG canister (13kg) in the State of Amazonas can be 26% higher than in the state of Rio Grande do Sul [92]. Similarly, Amazonian citizens pay 18% more to purchase diesel oil compared to those living in the southern states of Rio Grande do Sul and Paraná. Future research to further understand the effect of isolation and lack of infrastructure could assess time spent in transportation (which is potentially subtracted from other socioeconomic activities) and compare the price of goods and services across regions. The use of an energy poverty metric contemplating the transportation dimension should be considered. 
One other aspect that Wwe also examineassess is regarding thea household head’s characteristics, including gender, race, and literacy (see Table 4). For gender, more differences were observed when comparing urban versus rural than the status of energy popoorverty. Nevertheless, inIn urban areas, it is possible to notice that energy poverty is more frequently associated with in women-led headed households and . Furthermore, energy poverty it is most probable likely in households with non-white and non-literate heads of the family. These results are not surprising, given the high incidence of gender and race inequality in Brazil. Women and children pay the highest price for lack of public infrastructure and geographical isolation [93–95]. In addition, black and mixed-race people in Brazil account for the highest percentage of unemployed and are considered the most vulnerable in in finding and keeping an occupation [96]. Also, structural patriarchy contributes to high gender pay gap, job security, and a scarcity of women in the position of decision-making and leadership positions in the country [97]. It is not surprising that women and the black, multi-racial and indigenous communities in Brazil are more affected by energy poverty, given their isolated exclusion from economic situationeconomic opportunities. Before the Covid-19 pandemic, in 2019, Brazil’s black and mixed-race people represented 64% of the unemployed and 66% of people in precarious occupations. Structural racism in Brazil impedes an equal distribution of the resources and opportunities among the population, disproportionately affecting the black, mixed-race, indigenous, and traditional populations. Racial inequalities intersect with the gender dimension, which is still persistent in Brazil [97,98]. 
Finally, we also assessed information about the a household’s finalcialfinancial situation, in terms of average income, arrears on utility bills[footnoteRef:20], Bolsa-família beneficiaries, and constraints to pay for food[footnoteRef:21]. Table 4 presents disparities between energy poverty groups according to rural and urban status. The average income of households defined as energy poor is lower than the average for all Brazilian households and it has a significant difference to those non-poor, especially in urban areas. Energy poverty affects more the recipient of the social program Bolsa-Família. Also, between 24% and 34% of families that declared food deprivations are identified as energy-poor – for urban and rural, respectively – against 15% and 22% non-energy poor.  [20:  IBGE survey, questionnaire about life conditions on POF 2017. Question: During the reference period of 12 months, due to financial difficulties, has your family delayed payment for water, electricity, or gas?]  [21:  According to 2017 POF’s survey, we considered food deprived those households that answer Yes on variable V6109 of Life Conditions questionnaire: “In the last three months, did the food run out before the residents of this household had the money to buy more food?” [78]] 

Table 4: Monetary conditions and characteristics of household’s head according to the energy poverty situation 
	
	
	
	Brazilian average
	Energy poor
	Non-energy poor

	Monetary conditions
	Average income (R$/year)
	Urban
	68,924
	28,710
	73,622

	
	
	Rural
	36,674
	21,541
	39,761

	
	Bolsa-família               (% household)
	Urban
	0.11
	0.19
	0.10

	
	
	Rural
	0.32
	0.40
	0.30

	
	Arrears on utility bills                    (% household)
	Urban
	0.67
	0.58
	0.68

	
	
	Rural
	0.65
	0.61
	0.66

	
	Food restrictions        (% household)
	Urban
	0.16
	0.24
	0.15

	
	
	Rural
	0.24
	0.34
	0.22

	Household's head characteristics
	Race (non-white declared)
(% households)
	Urban
	0.54
	0.65
	0.52

	
	
	Rural
	0.66
	0.75
	0.64

	
	Sex (woman)
(% households)
	Urban
	0.44
	0.49
	0.43

	
	
	Rural
	0.31
	0.30
	0.31

	
	Non-literate
(% households)
	Urban
	0.13
	0.22
	0.12

	
	
	Rural
	0.31
	0.38
	0.29



The results for households that declared arrears on utility bills contrast with the other variables described above. When observing energy poverty according to delays in payment of the bills, we found that non-energy poor households are most frequently in debt than poor ones. This could indicate that people not identified as energy poor are at the limit of affording essential energy services and, therefore, are in an energy vulnerability situation. Moreover, late payments for services can indicate budget constraints and a probable situation where families need to choose energy rather than other goods.
Important aspects of energy poverty in Brazil
The regional disaggregation used to measure energy poverty through MEPI lines up well with the geographical heterogeneity observed for other indexes like the Human Development Index (HDI) and income poverty [50]. While the country has, on average, 11.4% of its population living in energy poverty conditions, regional results vary from 9.7% in Midwest to 18.5% in the North, reaching 33.8% in the rural North. Physical Access and Appliances Ownership dimensions contributed the most to this result. 
MEPI also reflects social inequalities. As expected, poor households of rural areas had the highest values of MEPI. Furthermore, the use of biomass for cooking is more frequently observed in the lowest income groups, and the affordability problem is identified as the leading cause for that disparity. The Affordability dimension showed the largest variation among income deciles in 2017-2018. Our historical analysis shows that households need to guarantee their most basic forms of energy access before they are considered deprived in the Affordability dimension. The first decile condition reflects this (Figure 3). Only when there are lower levels of Physical Access and Appliances Ownership, there is a high share of households with Affordability deprivation. From that, we can say concluded that Brazil is following the trend of developed countries in terms of energy poverty concerns [99]. , where energy poverty is mostly associated with constrains in pay for energy services, called also as fuel poverty [6,84,100], and not exactly due to infrastructure limitations [101,102]. Brazil has achieved important improvements in terms of electrical assess and LPG resales infrastructure [52,53,55]. 	Comment by Paula Borges: where there is reference to the indication that Brazil is following "the trend of developed countries in terms of energy poverty concerns" (page 29), there should be references to research done related to such trend.
While physical access and ownership are nowadays highly widespread, we show that the capacity to pay for energy remains a major problem across all income deciles.  The persistent level of deprivation in the Affordability dimension also suggests that programs like Bolsa-Familia and Tarifa Social were not sufficient to ensure lower energy expenses and lift families out of energy poverty, confirming previous studies [36,38]. In addition, half the Brazilian households declared arrears on water, electricity, or natural gas bills, again, especially in the North region, as already suggested by previous findings [40]. The high share of energy expenses make households more vulnerable to energy prices fluctuations and economic downturns [37]. For example, households’ arrears with electric bills increased in the last year due to the COVID-19 recession [103,104]. Moreover, an increase in the use of solid fuels for cooking has been observed, even in urban areas, likely to be caused by increasing LPG prices [42]. This shows that further refinements of the definition of energy poverty which are solely based on the Physical access dimension could help to identify circumstantial energy poverty. The likelihood of households’ inability to pay for energy services should be considered, and fuel stacking practices should be further analyzed in future studies. Also, we should consider reliability when it comes to electricity access [105]. In 2017, while 1% of households were not connected to electricity, circa 3% complained about irregularities of the supply, declaring that this service is only available for a few hours a day, or it has constant cut-offs. Problems with the quality of the service are most frequent in rural areas from North and Midwest regions, reaching 22% and 9% of total households. The inconstancy of electrical services is a problem for some appliances and could cause equipment damage. The incidence of energy poverty would be higher in Brazil if we accounted for the reliability of the electricity supply. 	Comment by Paula Borges: Can I put this "new information” here? 

Reviewer comment: similarly, it would be helpful to see reference to the unreliability of the electrify supply in Brazil where there is reference to the fact that, if this unreliability of were to be taken into account, the incidence
Following the trend observed for the Physical Access dimension, Appliances Ownership also showed a relevant growth. Most families have at least the essential electrical equipment, TV, and refrigerator, purchased after the electricity access and economic improvement observed in the last decades. The use of such basic appliances is essential to improve living standards [1]. Among the appliances considered in this study, AC was the only one far from universal use in the country, significantly influenced by region and income level. North and Northeast regions showed the highest deprivation in indoor cooling parameters because of the low presence of AC and the climate conditions in those regions, which have the highest CDDnormal values (thermal comfort parameter). Considering climate change scenarios for Brazil, space AC, in addition to fans, ownershipcooling technologies will be an important asset to prevent losses in wellbeing [74,106]. For being one of the most common solutions for high temperatures, the use of AC is expected to grow significantly in the following years [107]. For that, future studies should pay more attention to the thermal comfort parameter and the role of AC ownership on energy poverty metrics. The same is valid for internet access, which plays an important role in education [108]. Although it depends on the telecommunication infrastructure, it can also be regarded from an energy service perspective. The presence of the internet in households is increasing rapidly, and it is highly associated with the widespread use of mobile phones. A redefinition of the internet parameter within the appliance’s ownership dimension should be considered, given its high importance, as more information becomes available with future surveys. 
Intensity of energy poverty is very sensitive to the cut-off values used in the MEPI calculation. Even showing a decrease in the years observed, the variation is less significant than the one observed for the incidence metric. Also, the sensitivity analysis indicates that the dimensions chosen and their weights highly influence the MEPI, showing that this method is highly dependsent of on the parameterization, which perhaps is the main limitation of this method [26,82,109]. Nevertheless, the main results in terms of the distributional situation of energy poverty across regions and income groups in Brazil hold across a range of parameter values.
Conclusion and Policy Implications	Comment by Paula Borges: Reviwers comment: the conclusion could be improved to reflect the extent of the paper's addition to the literature. As it is, it refers primarily to the historical assessment. Also, when referring to the correlation with the prosperous economic cycle, there should reference to further information substantiating this information (e.g. GDP growth) - this applies also to page 14, line 36). Finally, the policy recommendations should be more elaborated and ideally connect to the list of policy instruments or at least to the targeted audiences (e.g. lower income deciles population). For instance, how could Tarifa Social be improved?
To design effective policies, it is crucial to The ability to evaluate energy poverty over time is key to the design of effective policies [110,111]. For large countries, a broader analysis requires the characterization of energy poverty understanding its geographical distribution [112]. Since Brazil particularly has a vast territory and a large gap between living conditions in urban and rural areas [39], any historical analysis of energy poverty must comprehend the distinct situation across the country. 
This paper analyzes the energy poverty situation in Brazil for three different periods, 2002, 2008, and 2017. We incorporate the concept of energy deprivation according to the final service demanded, using a Multi-dimensional Energy Poverty Index (MEPI). By applying MEPI in a historical evaluation of energy poverty in Brazil, we explored how deprivation of energy services changed through time across different regions and income deciles. Observing energy poverty through  different dimensions over time and  regions allowed us to deeply understand how the energy poverty definition can be contextual, adding an important nuance in the energy poverty literature. In the case of Brazil, the methodology used in this work demonstrates a substantial transformation in rural areas in the period observed. Moreover, the paper furthered the definition of energy poverty in a broader aspect, using a quantitative approach to measure energy services deprivation by different socio-economic and regional characteristics.  
Overall, MEPI in Brazil showed significant improvements in the periods observed. Despite the enhancements, Brazil currently has 11% of its population living in energy poverty conditions. In urban areas, this is due mainly to affordability issues. In rural areas, where 16% of all households are still considered energy poor, all dimensions contribute to the results observed. Intensity reduction was not as significant as the improvements in incidence, meaning that energy-poor households are equally deprived in 2017 than they were in 2002. 
Between 2002 and 2008, there were different policy efforts to guarantee access to modern energy sources, especially in rural areas. This, aligned with a prosperous economic cycle [65], contributed to the decrease in the number of energy poor households. The subsequent period also observed a reduction, albeit less intense, showing a slight saturation of the benefits from the physical access improvements and ownership of essential appliances in urban areas. 
To design policies to aiming at eradicatinge energy poverty it is important to have good metrics to identify energy-poor people through context-specific and comprehensive metrics and understand the determinants for this situation [24,26]. Our study brings together deliver some important lessons for policies to eradicate energy poverty in Brazil,  and which, depending on local characteristics, could be extended sive to other neighboring countries. Specifically, we show that physical access to energy was not enough to reduce the deprivation of essential energy services. Expenditure on energy still represents a high share of the household’s total expenses. The inability to pay for energy or buy new and efficient equipment can force lead families back to the use of biomasstraditional energy for cooking or not meeting thermal comfort needs. Governmental efforts like Bolsa Familia and Tarifa Social did not provide sufficient means to change the ratio of low-income household’ energy expenditure to total income, which remained almost constant through time. People who suffer from energy deprivation are more likely to be disadvantaged along several other features. We suggest that further adjustments to current governmental programs should be considered to reduce energy poverty. For examples, eEfforts to strengthen infrastructure combined with energy affordability programs should reduce energy poverty in deprived areas. 	Comment by Antonella Mazzone: Capital letter?
For example, with respect to electricity prices, the Tarifa Social (TS) program could be updated to offer discounts which could benefit a larger fraction of the population. The highest deduction range only covers up to 30-kWh/month, which is far from the Brazilian average consumption of 165 kWh/month [113]. According to the current rules, a typical household would have a 33% average discount on its electrical bill. Considering the high inequality observed across the income deciles in the affordability dimension, a progressive tariff could also be considered. In addition, the redesign of electricity tariffs and incentives to distributed generation for low income families could reduce electricity prices[114] and could be another way of solving energy poverty problems related with affordability.  	Comment by DE CIAN Enrica: ?	Comment by DE CIAN Enrica: ? with average/median income?
Regarding LPG prices and consumption, the government should guarantee that price hikes and volatility [92], as are happing as of 2022, do not affect those that depend on this kind of energy source. Moreover, governmental cash transfer programs could try to compensate for inflation and for increasing energy demand trends associated with increasing access to goods, services and appliances. 
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Table A1: Different weights for the dimensions selected, based on the rank exponent method
	Dimension
	ρ
	rank
	 
	rank
	 
	rank
	 
	rank
	 
	rank
	 
	rank
	 

	Physical Access
	0
	phy = 1; ap = 3; exp = 2
	0.333
	phy = 1; ap = 2; exp = 3
	0.333
	phy = 2; ap = 1; exp = 3
	0.333
	phy = 2; ap = 3; exp = 1
	0.333
	phy = 3; ap = 1; exp = 2
	0.333
	phy = 3; ap = 2; exp = 1
	0.333

	
	0.5
	
	0.418
	
	0.418
	
	0.341
	
	0.341
	
	0.241
	
	0.241

	
	1
	
	0.500
	
	0.500
	
	0.333
	
	0.333
	
	0.167
	
	0.167

	
	1.5
	
	0.576
	
	0.576
	
	0.313
	
	0.313
	
	0.111
	
	0.111

	
	2
	
	0.643
	
	0.643
	
	0.286
	
	0.286
	
	0.071
	
	0.071

	Appliance's ownership
	0
	
	0.333
	
	0.333
	
	0.333
	
	0.333
	
	0.333
	
	0.333

	
	0.5
	
	0.241
	
	0.341
	
	0.418
	
	0.241
	
	0.418
	
	0.341

	
	1
	
	0.167
	
	0.333
	
	0.500
	
	0.167
	
	0.500
	
	0.333

	
	1.5
	
	0.111
	
	0.313
	
	0.576
	
	0.111
	
	0.576
	
	0.313

	
	2
	
	0.071
	
	0.286
	
	0.643
	
	0.071
	
	0.643
	
	0.286

	Affordability
	0
	
	0.333
	
	0.333
	
	0.333
	
	0.333
	
	0.333
	
	0.333

	
	0.5
	
	0.341
	
	0.241
	
	0.241
	
	0.418
	
	0.341
	
	0.418

	
	1
	
	0.333
	
	0.167
	
	0.167
	
	0.500
	
	0.333
	
	0.500

	
	1.5
	
	0.313
	
	0.111
	
	0.111
	
	0.576
	
	0.313
	
	0.576

	
	2
	
	0.286
	
	0.071
	
	0.071
	
	0.643
	
	0.286
	
	0.643


Table A2: Energy expenses and its share of the total expenditure of a household
	
	Rural

	
	Brazil
	North
	Northeast
	South
	Southeast
	Midwest

	2002
	501.00 (8.8%)
	411.14 (9.3%)
	376.51 (8.5%)
	698.21 (8.4%)
	603.55 (9.3%)
	600.24 (9.8%)

	2008
	552.30 (11.3%)
	497.15 (12.4%)
	388.01 (10.6%)
	823.72 (11.2%)
	708.44 (12.1%)
	732.46 (11.9%)

	2017
	1402.05 (9.0%)
	1133.56 (10.6%)
	1144.98 (8.1%)
	2020.31 (9.0%)
	1638.64 (9.9%)
	1721.70 (10.4%)

	
	Urban

	
	Brazil
	North
	Northeast
	South
	Southeast
	Midwest

	2002
	795.17 (9.6%)
	768.68 (8.9%)
	576.22 (8.5%)
	867.71 (9.5%)
	872.21 (9.8%)
	800.87 (9.7%)

	2008
	1047.16 (9.6%)
	1000.87 (9.2%)
	781.21 (10.6%)
	1097.39 (9.3%)
	1157.56 (9.9%)
	1072.79 (9.0%)

	2017
	1962.75 (9.2%)
	2272.38 (9.7%)
	1606.71 (8.1%)
	2047.30 (9.5%)
	2023.80 (9.2%)
	2227.77 (8.8%)
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[bookmark: _Ref95482118][bookmark: _Ref95482104]Figure A1: Brazilian heterogeneity of appliances ownership.
Table A3: Dimensions and MEPI results by State and rural/urban situation
	State
	HH situation
	py_H
	ap_H
	af_H
	MEPI_H
	MEPI_A
	MEPI

	AC
	rural
	0.36
	0.35
	0.11
	0.45
	0.28
	0.13

	
	urban
	0.01
	0.06
	0.07
	0.08
	0.19
	0.02

	AL
	rural
	0.03
	0.09
	0.08
	0.13
	0.08
	0.01

	
	urban
	0.01
	0.05
	0.08
	0.10
	0.07
	0.01

	AM
	rural
	0.20
	0.25
	0.10
	0.28
	0.38
	0.11

	
	urban
	0.03
	0.05
	0.10
	0.14
	0.18
	0.03

	AP
	rural
	0.28
	0.18
	0.11
	0.39
	0.65
	0.25

	
	urban
	0.01
	0.03
	0.07
	0.10
	0.40
	0.04

	BA
	rural
	0.08
	0.10
	0.07
	0.15
	0.05
	0.01

	
	urban
	0.01
	0.05
	0.10
	0.11
	0.06
	0.01

	CE
	rural
	0.09
	0.04
	0.07
	0.17
	0.13
	0.02

	
	urban
	0.03
	0.05
	0.08
	0.11
	0.13
	0.01

	DF
	rural
	0.01
	0.07
	0.11
	0.12
	0.00
	0.00

	ES
	rural
	0.00
	0.03
	0.09
	0.10
	0.06
	0.01

	
	urban
	0.01
	0.02
	0.10
	0.10
	0.08
	0.01

	GO
	rural
	0.03
	0.06
	0.11
	0.14
	0.12
	0.02

	
	urban
	0.00
	0.03
	0.08
	0.09
	0.07
	0.01

	MA
	rural
	0.13
	0.12
	0.11
	0.23
	0.41
	0.09

	
	urban
	0.03
	0.06
	0.10
	0.13
	0.39
	0.05

	MG
	rural
	0.06
	0.06
	0.09
	0.15
	0.04
	0.01

	
	urban
	0.01
	0.03
	0.08
	0.09
	0.04
	0.00

	MS
	rural
	0.03
	0.04
	0.11
	0.14
	0.15
	0.02

	
	urban
	0.01
	0.04
	0.09
	0.10
	0.11
	0.01

	MT
	rural
	0.03
	0.08
	0.09
	0.13
	0.03
	0.00

	
	urban
	0.02
	0.04
	0.09
	0.10
	0.02
	0.00

	PA
	rural
	0.24
	0.24
	0.10
	0.40
	0.57
	0.23

	
	urban
	0.02
	0.04
	0.10
	0.15
	0.49
	0.08

	PB
	rural
	0.04
	0.07
	0.09
	0.12
	0.08
	0.01

	
	urban
	0.01
	0.05
	0.10
	0.11
	0.07
	0.01

	PE
	rural
	0.06
	0.09
	0.08
	0.14
	0.04
	0.01

	
	urban
	0.02
	0.04
	0.10
	0.12
	0.08
	0.01

	PI
	rural
	0.12
	0.13
	0.07
	0.20
	0.23
	0.05

	
	urban
	0.02
	0.04
	0.08
	0.10
	0.21
	0.02

	PR
	rural
	0.02
	0.07
	0.10
	0.12
	0.02
	0.00

	
	urban
	0.01
	0.05
	0.11
	0.11
	0.01
	0.00

	RJ
	rural
	0.02
	0.05
	0.10
	0.12
	0.05
	0.01

	
	urban
	0.01
	0.02
	0.09
	0.10
	0.02
	0.00

	RN
	rural
	0.07
	0.03
	0.07
	0.13
	0.18
	0.02

	
	urban
	0.02
	0.03
	0.08
	0.10
	0.15
	0.02

	RO
	rural
	0.03
	0.08
	0.13
	0.16
	0.26
	0.04

	
	urban
	0.02
	0.06
	0.10
	0.12
	0.20
	0.02

	RR
	rural
	0.14
	0.14
	0.09
	0.23
	0.35
	0.08

	
	urban
	0.03
	0.07
	0.08
	0.16
	0.25
	0.04

	RS
	rural
	0.02
	0.05
	0.08
	0.10
	0.03
	0.00

	
	urban
	0.01
	0.01
	0.09
	0.10
	0.02
	0.00

	SC
	rural
	0.03
	0.04
	0.10
	0.12
	0.02
	0.00

	
	urban
	0.01
	0.02
	0.08
	0.09
	0.02
	0.00

	SE
	rural
	0.05
	0.11
	0.14
	0.19
	0.10
	0.02

	
	urban
	0.01
	0.03
	0.09
	0.11
	0.12
	0.01

	SP
	rural
	0.01
	0.05
	0.11
	0.12
	0.05
	0.01

	
	urban
	0.01
	0.02
	0.09
	0.10
	0.03
	0.00

	TO
	rural
	0.11
	0.13
	0.10
	0.21
	0.37
	0.08

	
	urban
	0.06
	0.06
	0.09
	0.13
	0.30
	0.04



[bookmark: _Ref95482074]Table A4: 
a) Incidence of energy-poverty for different deprivation cut-off sensitivity in rural areas

[image: ]
b) Incidence of energy-poverty for different deprivation cut-off sensitivity in urban areas
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image11.emf
State Baseline 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Acre 44.57        48.72        44.57        37.97        22.34        6.35          2.45          0.82          -            -           

Alagoas 13.05        17.36        11.00        8.49          3.10          1.44          -            -            -            -           

Amazonas 28.12        38.57        28.12        21.46        9.20          5.56          4.25          2.21          0.41          0.41         

Amapá 39.07        39.22        34.86        24.29        13.25        6.49          0.11          -            -            -           

Bahia 15.30        20.15        11.47        8.72          1.80          1.16          0.21          -            -            -           

Ceará 16.68        19.86        8.85          8.26          1.19          0.45          -            -            -            -           

Distrito Federal 11.89        17.79        11.32        10.63        0.89          -            -            -            -            -           

Espiríto Santo 9.61          11.40        9.61          9.61          1.52          -            -            -            -            -           

Goias 14.29        17.00        13.76        12.54        2.34          1.04          0.17          0.17          -            -           

Maranhão 22.80        29.01        22.80        16.19        4.64          3.09          1.90          0.38          0.19          0.19         

Minas Gerais 15.28        18.78        11.21        10.03        1.41          0.84          -            -            -            -           

Mato Grosso do Sul 13.92        17.70        12.80        12.24        1.07          0.15          -            -            -            -           

Mato Grosso 12.62        18.52        11.32        9.96          1.67          0.58          0.05          0.05          0.05          -           

Pará 39.59        39.59        32.99        24.48        18.15        5.81          3.20          0.54          0.15          0.06         

Paraíba 11.62        16.32        9.58          8.91          1.32          0.83          0.60          0.51          -            -           

Pernambuco 13.98        19.36        10.63        9.12          2.07          1.16          0.05          -            -            -           

Piauí 20.26        23.84        16.03        13.94        6.41          3.75          0.22          0.22          0.09          0.09         

Paraná 12.00        16.76        10.95        9.57          1.43          0.53          0.20          0.12          -            -           

Rio de Janeiro 12.26        15.61        10.83        10.35        1.27          -            -            -            -            -           

Rio Grande do Norte 13.19        14.31        8.45          7.17          1.29          0.46          -            -            -            -           

Rondônia 16.40        23.33        16.40        13.99        1.08          -            -            -            -            -           

Roraima 23.33        23.54        23.33        21.76        9.47          0.20          0.20          -            -            -           

Rio Grande do Sul 9.79          13.78        8.53          8.02          1.17          0.27          -            -            -            -           

Santa Catarina 12.00        15.65        9.98          9.77          0.63          0.31          -            -            -            -           

Sergipe 18.96        25.78        16.74        14.56        2.87          1.05          -            -            -            -           

São Paulo 11.83        16.08        11.28        10.82        0.24          -            -            -            -            -           

Tocantins 21.10        25.95        21.10        17.55        6.81          3.05          2.76          -            -            -           

Deprivation cut-off (k)


image12.emf
State Baseline 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Acre 7.97          13.65        7.50          7.10          0.72          0.12          0.12          -            -            -           

Alagoas 10.03        13.54        9.40          8.63          0.90          0.21          0.05          0.05          -            -           

Amazonas 14.38        19.97        11.96        10.66        2.61          0.44          0.17          -            -            -           

Amapá 10.07        35.21        10.07        7.78          2.80          -            -            -            -            -           

Bahia 11.07        15.19        10.47        9.88          0.56          0.33          0.05          -            -            -           

Ceará 10.89        14.16        9.44          8.33          1.01          0.29          0.10          0.03          -            -           

Espiríto Santo 10.39        12.23        9.93          9.67          0.50          0.11          -            -            -            -           

Goias 8.52          11.22        8.52          8.52          1.09          -            -            -            -            -           

Maranhão 12.55        16.48        12.55        10.60        1.61          0.67          0.32          0.13          -            -           

Minas Gerais 9.33          11.80        8.76          8.47          0.55          0.14          0.08          -            -            -           

Mato Grosso do Sul 9.62          13.31        9.53          9.23          0.95          0.07          -            -            -            -           

Mato Grosso  10.02        14.19        9.37          9.13          0.81          0.22          -            -            -            -           

Pará 15.38        15.67        11.64        10.52        8.95          0.71          -            -            -            -           

Paraíba 10.90        14.51        10.56        9.76          0.77          0.27          -            -            -            -           

Pernambuco 11.57        14.51        10.36        9.71          0.83          0.15          0.05          -            -            -           

Piauí 9.63          12.59        8.82          8.69          1.02          0.22          -            -            -            -           

Paraná 11.35        15.28        11.05        10.88        0.87          0.06          0.02          -            -            -           

Rio de Janeiro 10.42        12.76        9.86          9.42          0.34          0.20          -            -            -            -           

Rio Grande do Norte 10.42        13.18        9.10          8.63          0.38          0.14          -            -            -            -           

Rondônia 11.68        21.19        11.42        10.26        0.84          0.17          -            -            -            -           

Roraima 15.58        17.34        10.83        8.83          3.80          0.90          0.28          -            -            -           

Rio Grande do Sul 9.53          10.92        9.04          8.94          0.14          0.04          0.04          0.04          0.04          -           

Santa Catarina 8.51          10.35        8.17          8.03          0.36          0.06          -            -            -            -           

Sergipe 10.55        11.97        10.07        9.33          0.57          0.19          0.05          -            -            -           

São Paulo 10.11        12.00        9.67          9.51          0.42          0.07          -            -            -            -           

Tocantins 13.29        18.65        12.65        9.58          1.38          0.38          -            -            -            -           

Deprivation cut-off (k)


