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Estimating the Income-Related Inequality Aversion 
to Energy Limiting Behavior in the United States

1. Introduction
Energy insecurity, a recognized global problem, arises when low-income, minority, and vulnerable households are at risk of not being able to satisfy their energy needs (Cheng et al., 2022; Jacobson et al., 2005; Nock et al., 2020; Schlör et al., 2013, 2012). In the U.S., where our study is based, it is estimated that 27% of households (approximately 34 million households) had difficulty meeting their energy needs or kept their homes at unhealthy temperatures in 2020 (U.S. Energy Information Administration, 2022). Due to income inequality, lower-income households reported more instances of energy insecurity than higher-income households (U.S. Energy Information Administration, 2022).
The dominant focus on energy insecurity research has been on energy spending habits in low-income households. The most widely identified energy insecurity indicators are energy burden, the percent of income spent on energy bills (Bednar and Reames, 2020; Scheier and Kittner, 2022), and energy disconnections, which result from forgone energy bill payments (Graff and Carley, 2020; Graff and Pirog, 2019). Yet, these economic-based indicators miss an important behavior-based factor: some low-income households have to limit energy usage to reduce financial strain (often in exchange of meeting other basic necessities like food and medicine), which may not be readily reflected in energy bills. This behavior-based factor is defined as energy limiting behavior (Cong et al., 2022; Huang et al., 2023).
One recent approach to quantify energy limiting behavior is to estimate the outdoor temperature at which households turn on cooling or heating units (i.e., inflection temperature or balance point) and compare such temperature across income groups. The empirical evidence from a hot climate region (Cong et al., 2022) and a cold climate region (Huang et al., 2023) shows an energy equity gap: Lower-income households limited energy consumption more (indicated by higher balance points in the summer) than their higher-income counterparts (Cong et al., 2022; Fig. 1).

Fig. 1. The distribution of inflection temperature across income groups. Inflection temperature is the outdoor temperature at which households turn on cooling units for space cooling. The energy equity gap (EEG) for each year is calculated as the difference between the highest and lowest median inflection temperature (indicated by the middle bar and number) among all income groups in all four panels, income group 1 had the highest, and income group 8 had the lowest median inflection temperature. The energy equity gap (EEG) is shown at the top of the figure. Data year: 2018–2019, N = 2,650 households. Each box and whiskers plot indicates the minima and maxima of inflection temperatures of one income group for one year (the lower and upper bound of the whiskers), the first and third quantiles (the lower and upper bound of the box), and the median (the middle line). The outliers are shown as dots on either side of the whiskers. Adapted from “Unveiling hidden energy poverty using the energy equity gap,” by Cong et al., 2022, Nature Communications, 13, Article 2456, Figure 3. Adapted under Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/) with the following changes: keeping only one panel for Year 2018-2019 and some minor changes in the caption.

In line with the tenets of distributional justice (Jenkins et al., 2016, 2020), all households, regardless of income level, should be relieved from the financial stress and provided with enough assistance to keep a comfortable and healthy indoor environment at home. Thus, the ideal policy goal is to reduce the energy limiting level among low-income households. Given the found energy equity gap (Fig. 1), one important unanswered question is to what extent citizens view such an inequality as a problem. That is, there are different policy agenda items to be addressed at the same time (e.g., health and environmental inequalities), and to what extent should energy equity gap be prioritized relative to other agenda items? Whereas decisionmakers who design and implement public policies may have normative assumptions regarding how the society should value the way energy limiting behavior is distributed across income groups, we ask the empirical question regarding how the society values the way energy limiting behavior is distributed.
[bookmark: _Hlk120109004][bookmark: _Hlk117333853]Thus, the first research question of our work is: What is the public’s social preference regarding inequality in energy limiting behavior in the form of inequality aversion? This social preference could lean towards favoring lower-income households (pro-poor) or higher-income households (pro-rich). Based on the social welfare literature (Atkinson, 1970; Schlör et al., 2013, 2012), we consider the scenario when there is a trade-off between relieving the energy limiting behavior for a society as a whole (i.e., a preference for economic efficiency) and reducing the unequal distribution of the energy limiting behavior across income levels (i.e., a preference for social equality). This trade-off is captured in the form of a bivariate income-related inequality aversion parameter in social welfare functions, which is the social preference elicited through a survey in our study. Further, we used indoor temperature setpoints people can establish in their homes (i.e., the ability to set comfortable indoor environments) to quantify energy limiting behavior.
The first innovation point of our study is that it is perhaps the first attempt to elicit inequality aversion in the residential energy consumption sector. The second innovation point is that it builds on the recently developed literature on energy limiting behavior so that it avoids the pitfalls of the more traditional metrics of energy insecurity (see Cong et al., 2022; Huang et al., 2023). The result of our study can inform policymakers about: (1) the social preferences of their constituents regarding how high addressing the inequality in energy limiting behavior may rank in the policy agenda compared with other agenda items (e.g., income and health inequalities), and (2) an evidence-based strategy to redistribute energy limiting behavior across income groups.
[bookmark: _Hlk117333839][bookmark: _Hlk117334156][bookmark: _Hlk140593251]Our second research question is: How would inequality aversion vary across different individual characteristics? Therefore, the third innovation point of our study is to help identify which social groups have greater inequality aversion, which has not been done in previous studies. It is our hope that answering our second research question can help decision makers raise awareness and take actions to address the inequality in energy limiting behavior.
The rest of the manuscript is structured as follows: Section 2 defines balance point and describes the social welfare framework that we use to measure inequality with an inequality aversion parameter; Section 3 reviews empirical evidence on the estimation of inequality aversion with a similar design; Sections 4 and 5 describes the methods and reports the results, respectively; Section 6 discusses the relation of our findings to the literature and the implications for policymakers and campaigners, as well as points out the limitations of our study and several specific directions for future research. Section 7 concludes our manuscript with a summary of major findings. 

2. Definitions and theoretical framework
2.1 Balance point and assumptions
[bookmark: _Hlk140506670][bookmark: _Hlk116663068][bookmark: _Hlk140506973]To elicit the inequality aversion in the distribution of energy limiting behavior across income groups, we first need to quantify energy limiting behavior. To achieve this, we define cooling balance point as the ideal temperature set point at which a household desires to keep its living space in summer. Similarly, heating balance point is defined as the temperature set point, at which a household desires to keep its living space at in winter (Huang et al., 2023). These set points are used to establish a baseline for temperature-related energy consumption (Dubin, 2008; Lovvorn et al., 2002; Perez et al., 2017; Woods and Fuller, 2014). The distribution of balance points across income groups is the focus of the current study.
In line with the definition of energy limiting behavior (i.e., energy usage reduced due to financial stress despite outdoor temperature changes), we assume negative relationships between cooling balance point and energy consumption (electricity used for cooling), and between cooling balance point and income based on the empirical evidence found in previous studies (Cong et al., 2022; Huang et al., 2023). Likewise, we assumed positive relationships between heating balance point and energy consumption (natural gas used for heating), and between heating balance point and income (Charlier and Legendre, 2016; Kelly et al., 2013). If cooling balance point is low, then it indicates that the household is able to use energy for space cooling earlier in the summer, and do not have to limit their cooling usage. However, the opposite is true of heating balance point. A higher heating balance point shows a reduction in energy limiting behavior (heating earlier in the winter), which is preferable in the winter months. In brief, we assume that the lower the cooling balance point, the better; the higher the heating balance point, the better.

2.2 The extended concentration index and inequality aversion
[bookmark: _Hlk140506819]After we define what distribution is under focus, this section describes what the inequality measure is to be used, which provides the theoretical framework of the current study. In previous studies, measures of inequality in residential energy consumption were sourced from income inequality, including Lorenz curves and Gini coefficients (Jacobson et al., 2005), as well as the Atkinson index (Schlör et al., 2013, 2012). The Atkinson inequality index (Atkinson, 1970) provides a theoretical framework that links social preference (i.e., the inequality aversion parameter) with an inequality index using a social welfare function (see Schlör et al., 2012). The inequality aversion parameter embodies a stakeholder’s preference for fairness and is a factor of the distribution sensitivity that represents the value judgment in a society regarding how different positions in the income rank should be weighted. 
However, the aforementioned indices only measure inequality along a single variable, limiting their ability to capture the complex nature of decision making. This is insufficient when one wants to examine how equally a resource is distributed across other variables (e.g., income). In our study we assume that a just distribution of energy limiting behavior (Variable 1: a resource variable, i.e. balance points) for keeping one’s home comfortable should be relatively equal across income groups (Variable 2: a ranking variable on socioeconomic status; in this case Variable 2 is income), rather than equal for every person. Therefore, the current study adopts the extended concentration index (Wagstaff, 2002) that: (1) quantifies how equally balance point is distributed across income; (2) and has a bivariate income-based inequality aversion parameter.
The extended concentration index, C(γ), is defined in Equation 1 (Wagstaff, 2002).
[bookmark: _Hlk117255618]	C(γ) = (1 – Wj / ),	  (1)
where C(γ) ∈ [-1,1]. For cooling balance point, where cooling balance point is negatively correlated with income, a negative C(γ) indicates that high cooling balance points are disproportionately concentrated among the lower-income groups; for heating balance point, where heating balance point is positively correlated with income, a positive C(γ) indicates that low heating balance points are disproportionately concentrated among the lower-income groups. Wj is the social welfare regarding the cooling (WC, where j = C) or heating (WH, where j = H) balance point, which is a function of the inequality aversion parameter, γ (elaborated in Equations 2 and 3, below).  is the mean cooling or heating balance point among the whole population in a society.
By assuming that individual utility is a negative function of cooling balance point in summer, a positive function of heating balance point in winter, and that social welfare is the weighted sum of individual utility, we define the social welfare functions for cooling balance point and heating balance point in Equation 2 and Equation 3, respectively.
[bookmark: _Hlk117255575]	WC = (Wagstaff, 2002),		(2)
	WH = (Hurley et al., 2020).		(3)
In Equations 2 and 3,  Q is the total number of income groups in a society,  is the weight attached to the qth group’s average cooling balance point  or average heating balance point ,  is the rank of income for the qth group (where  refers to the lowest income group for cooling balance point, but refers to the highest income group for heating balance point). WC is the social welfare of a society regarding cooling balance point (the higher the value of WC, the worse a society is, because the social welfare is a bad-indicator of the sum of individual utilities; Equation 2); WH is the social welfare regarding heating balance point (the higher the value of social welfare the better a society is; Equation 3).
In Equations 2 and 3, the inequality aversion parameter, , describes whether a society is pro-poor (i.e., values equal distribution of balance points over a preferable mean balance point), or pro-rich (i.e., values a preferable mean balance point over equal distribution). The following is true for both cooling and heating balance point: For a society, if  = 1, every group’s cooling or heating balance point-based utility is weighted equally; if  < 1, this society is pro-rich, as the weight attached to a better-ranked income group becomes greater than the weight attached to a worse-ranked group; if  > 1, and as  increases, the weight attached to a worse-ranked income group becomes greater than the weight attached to a better-ranked group, so this society becomes more pro-poor. Fig. 2 shows how the weights vary as a function of inequality aversion values. For cooling balance point (Panel [a] in Fig. 2), the weights are pro-rich when  < 1, as higher-income groups have greater weights than lower-income groups; the weights are pro-poor when  > 1, as lower-income groups have greater weights than higher-income groups. For heating balance point (Panel [b] in Fig. 2), which shows a similar pattern. To simplify calculations, we use relative rank in Equation 2 and absolute rank in Equation 3. That is, when Q = 5,  = 0.2, 0.4, 0.6, 0.8, or 1 in Equation 2 (Panel [a] in Fig. 2);  = 1, 2, 3, 4, or 5 in Equation 3 (Panel [b] in Fig. 2).
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Description automatically generated with medium confidence]Fig. 2. Panel (a): Weights of ranked income groups by inequality aversion in the cooling balance point case; ranking uses relative ranks and starts with the lowest income group (i.e., Rank = 0.2). Panel (b): Weights of ranked income groups by inequality aversion in the heating balance point case; ranking uses absolute ranks and starts with the highest income group (i.e., Rank = 1).

3. Literature review and research questions
Once we have described what distribution is under focus and what type of inequality aversion is to be elicited, this section outlines the range of inequality aversion magnitudes found in previous studies with a similar design. Although the evidence is scarce in the energy field, previous studies in behavioral economics estimated the magnitude of inequality aversion for income distribution (Bérgolo et al., 2022; Carlsson et al., 2005; Johansson‐Stenman et al., 2002; Pirttilä and Uusitalo, 2010), for the distribution of health-related variables (Attema et al., 2015; Cropper et al., 2016; Dolan and Tsuchiya, 2011; Hardardottir et al., 2021; Hurley et al., 2020; Robson et al., 2017; Yang et al., 2022), and for the distribution of environmental commodities (Venmans and Groom, 2021). The estimated values found in these studies are shown in Table 1. The studies are presented in reverse chronological order.
In general, there are two approaches that elicit inequality aversion using survey. The first approach is the leaky-bucket method (Okun, 2015). In a leaky-bucket task, facing an efficiency-equality tradeoff, participants are asked to determine a tolerable amount of loss (leakage) when resources are transferred from the rich to the poor. The greater the tolerable leakage, the greater the elicited inequality aversion. In another efficiency-equality tradeoff, the second approach asks participants to choose between two resource distributions: one has a better average but is more unequal, and the other one has a worse average but is more equal.
In our review, to make the results more comparable to the design in the current work, we only included those studies with a similar elicitation method: Asking participants to choose a preferred distribution from two distributions. Our choice to use the distribution approach results from the fact that it is infeasible to directly transfer balance point among people (unlike income), which excludes the leaky-bucket approach as a viable option. We also excluded those studies that were not conducted in a social welfare framework (e.g., (Engelmann and Strobel, 2004; Fehr and Schmidt, 1999)). 
As Table 1 shows, the estimated median income inequality aversion and environment inequality aversion were greater than 2; the median health inequality aversion ranged widely from one to 10.95. The design in Hurley et al. (2020) was the closest to the current work. This study elicited the inequality aversion values regarding income distribution, health distribution, and the income-related health distribution in one survey design (Hurley et al., 2020). The median bivariate income-related health inequality aversion was between 1.5 and 2, and it was found that the aversion values varied across issues (e.g., income vs. health vs. income-related health). If the estimated inequality aversion is issue-specific, the question becomes what the empirical value of inequality aversion would be in the energy field.
Table 1
Estimated values of inequality aversion in previous studies.
	Study
	Country of study
	Type of estimated inequality aversion
	Median and/or mean inequality aversion estimate

	
	
	Domain: Income
	

	Bérgolo et al., 2022 (Bérgolo et al., 2022)
	Uruguay
	Univariate distribution of income
	Median: [0.09, 0.15)
Mean: 0.21

	Pirttilä & Uusitalo, 2010 (Pirttilä and Uusitalo, 2010)
	Finland
	Univariate distribution of income
	Median: Greater than 3

	Carlsson et al., 2005 (Carlsson et al., 2005)
	Sweden
	Univariate distribution of income
	Median: (2, 3)a

	Johansson-Stenman et al., 2002 (Johansson‐Stenman et al., 2002)
	Sweden
	Univariate distribution of income
	Median: (2, 3)

	
	
	Domain: Health
	

	Yang et al., 2022 (Yang et al., 2022)
	Uganda
	Univariate distribution of healtha
	Median: 14.70

	Hardardottir et al., 2021 (Hardardottir et al., 2021)
	Sweden
	Bivariate distribution of income-group-related incomeb; Bivariate distribution of income-related health
	Income-group-related income: 
Median: (3, 3.25)

Income-related health:
Median: (2, 3)
            

	Hurley et al., 2020 (Hurley et al., 2020)
	Canada
	Univariate distribution of income; Univariate distribution of health; Bivariate distribution of income-related health
	Income: 
Median: Slightly greater than 3
Mean: 3.27
Health:
Median: (1, 1.5)
Mean: 1.17
Income-related health:
Median: (1.5, 2)
            Mean: 1.66

	Robson et al., 2017 (Robson et al., 2017)
	United Kingdom
	Univariate distribution of health
	Median: 10.95c

	Cropper et al., 2016 (Cropper et al., 2016)
	United States
	Univariate distribution of health
	Median: 2.8
Mean: 0.72

	Attema et al., 2015 (Attema et al., 2015)
	Netherlands
	Univariate distribution of health
	Median: 3.65

	Dolan & Tsuchiya, 2011 (Dolan and Tsuchiya, 2011)
	United Kingdom
	Univariate distribution of healtha
	Median: 27.9c

	
	                         Domain: Environment
	

	Venmans & Groom, 2021 (Venmans and Groom, 2021)
	Belgium
	Univariate distribution of environmental commodities
	Mean: 2.9


Note. To make the comparison consistent with the design of the current study, the chosen studies listed above all used the same distributional approach, where participants were asked to make a choice between two distributions and with a magnitude of inequality aversion estimated. Studies are presented in reverse chronological order.
a Aimed; but it was in fact bivariate distribution of social-class-related and gender-related health
b The income groups are the poorest third, the middle third, and the richest third.
c This study uses different equations for individual utility, and the value shown here is the constant relative inequality aversion.
[bookmark: _Hlk120021213]Inequality aversion of decision makers has been applied in distribution analysis and social welfare analysis in various contexts related to energy economics, e.g., residential energy consumption (Nock et al., 2020; Schlör et al., 2013, 2012), electricity taxes and pricing (Feger and Radulescu, 2020; Hancevic et al., 2016), financing subsidies of renewable energy sources (Böhringer et al., 2022), and climate policy (Böhringer et al., 2012; Rezai and Van der Ploeg, 2016; Shiell, 2003), highlighting that stakeholder’s aversion to equality varies widely and can be context specific. In these studies, the inequality aversion values were predetermined by researchers. For example, in Nock et al. (Nock et al., 2020), the inequality aversion was assumed for representative decision makers on the problem of electricity planning in Liberia and was constrained to vary between zero and one, where a baseline value was chosen to be 0.86, a low value to be 0.10, and a high value preference to be 0.99; in Schlör et al. (Schlör et al., 2013, 2012), the inequality aversion was predetermined for the whole society in Germany (i.e., based on the researchers’ own judgment but trying to capture the German public’s sentiment on what a just distribution of residential energy consumption should be), and the values of inequality aversion included 0.1, 0.5, 1.0, 1.5, 2.0, and 2.5. Thus, there is a fundamental gap in our understanding of whether the predetermined inequality aversion values in the energy literature reflect the empirical inequality aversion values of the public.
Therefore, our study examines two research questions:
RQ1: What is the public’s social preference regarding inequality in energy limiting behavior in the form of inequality aversion?
RQ2: How would inequality aversion vary across different individual characteristics?
The contribution of our study to the literature is threefold. First, it would be the first study that elicits the empirical value of the bivariate income-related inequality aversion in the residential energy consumption sector. Second, our study focuses on the behavioral dimension of energy insecurity (i.e., energy limiting behavior), which has been understudied in the literature. Third, it would be the first study that examines how the estimated aversion varies across individual characteristics in the residential energy consumption sector. The contribution of our study to the practitioners, policymakers, and community advocates who want to tackle energy insecurity is also threefold. First, policymakers can be informed about to what extent the public values the inequality issue in energy limiting behavior, so that they can prioritize the problem of energy insecurity in their policy agenda accordingly. Second, the estimated aversion values can be used to design an evidence-based strategy to redistribute energy limiting behavior across income groups. Third, practitioners and community advocates can use our findings to identify which social groups may be more averse to inequality but at the same time more vulnerable to energy insecurity. Therefore, resources and attention in policymaking can be devoted more to such social groups accordingly.

4. Methods
4.1 Design of survey
We used a questionnaire-experimental method (Amiel and Cowell, 1999; Carlsson et al., 2005; Hurley et al., 2020) that infers a person’s inequality aversion based on this person’s choice between imagined societies having different distributions of balance points. The crux of the design is as follows. Based on Equations 1 and 2, given a certain value of the inequality aversion parameter (γ), it is possible to find two distributions that have different means and inequality levels, but with the same value of social welfare (WC or WH). One of these two distributions has a more favorable mean (i.e., a lower mean in the cooling balance point case; a higher mean in the heating balance point case) but is less equal than the other distribution (based on the extended concentration index; see Tables 2 and 3, and Appendix A in Supplemental Materials). Then, let a study participant make a choice between these two distributions. If this person is indifferent between the distributions, this person’s inequality aversion value is equal to that given value of γ (the predetermined inequality aversion); if this person chooses the less equal distribution, his or her inequality aversion value is less than that given value of γ; if this person chooses the more equal distribution, his or her inequality aversion value is greater than that given value of γ.
Table 2
Temperatures used in the choice scenarios: the cooling balance point case.
	
	Income Group 1
	Income Group 2
	Income Group 3
	Income Group 4
	Income Group 5
	Mean
	Concentration Index (C(γ))

	Policy A
	82
	80
	78
	76
	74
	78
	Policy A
	Policy B

	Policy B1
	91
	86
	78
	70
	65
	78
	0
	0

	Policy B1.5
	85.4
	83.5
	78
	70
	65
	76.38
	-.02
	-.04

	Policy B2
	83.4
	82.1
	78
	70
	65
	75.7
	-.02
	-.05

	Policy B2.5
	83
	80.7
	78
	70
	65
	75.34
	-.02
	-.06

	Policy B3
	82.6
	80.3
	78
	70
	65
	75.18
	-.02
	-.06


Note. Income Group 1 is the lowest income group, and Income Group 5 is the highest income group. The numbers represent cooling balance point (°F). The subscript for Policy B stands for the associated inequality aversion parameter value (γ). C(γ), the extended concentration index, is defined in Equation 1.


Table 3
Temperatures used in the choice scenarios: the heating balance point case.
	
	Income Group 1
	Income Group 2
	Income Group 3
	Income Group 4
	Income Group 5
	Mean
	C(γ)

	Policy A
	64
	68
	70
	72
	74
	69.6
	Policy A
	Policy B

	Policy B1
	59
	65
	70
	75
	79
	69.6
	0
	0

	Policy B1.5
	62.1
	66.4
	70
	75
	79
	70.5
	.02
	.03

	Policy B2
	63.3
	66.9
	70
	75
	79
	70.84
	.03
	.04

	Policy B2.5
	63.5
	67.6
	70
	75
	79
	71.02
	.04
	.06

	Policy B3
	63.7
	67.8
	70
	75
	79
	71.1
	.04
	.06


Note. Income Group 1 is the lowest income group, and Income Group 5 is the highest income group. The numbers represent the heating balance point (°F). The subscript for Policy B stands for the associated inequality aversion parameter value (γ). C(γ), the extended concentration index, is defined in Equation 1.


In our survey, participants made a series of choices between two distributions. In the choice task, participants were asked to imagine themselves to be policymakers in a hypothetical society. In this society, the citizens need to make a choice between two energy policies (Policy A and Policy B) that will lead to different distributions of energy limiting behavior in the form of cooling and heating balance points (see Appendix A in Supplemental Materials for the choice scenarios used in the questionnaire).Following Hurley et al. (2020), we created five pairs of distributions for both the cooling case and the heating case. Each pair was assigned one of five inequality aversion values: 1, 1.5, 2, 2.5, and 3. These numbers were chosen because they reflect the empirical elicited ranges of inequality aversion in previous studies (see Table 1). In all pairs, one distribution (Policy A) was treated as the reference distribution that remains constant, whereas the alternative distribution (Policy B) varied across the five pairs.
Each distribution was divided into five quantile groups ranked by income. Each of the quintile groups is assigned an average cooling balance point or heating balance point (Tables 2 and 3). The temperatures used for Policy A were roughly based on the thermostat-setting recommendations for homes from the U.S. Department of Energy (The U.S. Department of Energy, 2021), and a two-to-four-degree difference between two neighboring groups. Based on Equations 1 and 2, the numbers used in the Policy Bs were selected so that within a pair, the social welfare value (either WC or WH) was the same for Policy A and Policy B.
All distributions had the same median value. For cooling balance point the Policy B mean values were all less than the Policy A mean values (except for γ = 1). This indicates that the society was in a more comfortable indoor living environment, and able to keep a living space cooler in the summer under Policy B than under Policy A. However, Policy B’s distributions were more unequal than Policy A’s distribution (see the first two columns from the right in Table 2 for the inequality levels based on Equation 1). When comparing the concentration index for Policy A and the concentration index for Policy B in the same row, the greater the absolute value of the index, the more unequal the distribution (i.e., Policy B is more unequal than Policy A).
[bookmark: _Hlk116918347]For heating balance point, the Policy B mean values were all greater than the Policy A mean values (except for γ = 1). This indicates that the society as a whole was in a better situation, and able to keep their living spaces warmer in the winter under Policy B than under Policy A. As in the previous situation, Policy B’s distributions were more unequal than Policy A’s distribution (see the first two columns from the right in Table 3 for the inequality levels based on Equation 3). Each participant made five choices between Policy A and Policy B with the same choice order as shown in either Table 2 for the cooling case or Table 3 for the heating case. No randomization of choice order was involved in the design due to the inequality aversion recovery method. That is, the critical data that we aimed to record was the position (i.e., one of the five choices) at which a participant chose Policy B for the first time (see Section 3.5).
[bookmark: _Hlk117267573]To ensure that factors like energy fuel and devices did not confound the choice results, in the questionnaire (see Supplemental Materials), we explicitly asked participants to imagine that all households in a hypothetical society need to use central air conditioning in the cooling case and natural gas central furnaces in the heating case. In addition, participants were told to assume that all households use a thermostat to control temperature. Additionally, the survey stated that this hypothetical society uses an advanced carbon capture technology to reduce the carbon footprint of energy consumption, so they should ignore the possible different environmental impacts between Policy A and Policy B.
[bookmark: _Hlk117254760]From Policy B1 to Policy B3, the whole society by design becomes better off in terms of having lower mean cooling balance points (or higher mean heating balance points) and these balance points being more equally distributed across income groups (see how the balance points vary in the two low-income groups to make it a more equal distribution in Tables 2 & 3).[footnoteRef:1] We define consistent choice as the situation when participants choose Policy B in one choice, they should also choose Policy B in the following choice(s). Based on our pilot study, we found that 16% of the participants made inconsistent choices. In the main study, to maintain a large sample size as much as possible and given the sensitivity analysis of including and excluding inconsistent choices provided in Robson et al. (Robson et al., 2017) showing robustness in the median estimates,[footnoteRef:2] we dealt with the inconsistent choices by looking for the position of the choice where Policy B was first chosen. This position (one from six, where six denotes the situation when no Policy B was chosen) became the basis of data analysis (Section 3.5). [1:  When comparing the distributions from Policy B1 to Policy B3, the concentration index alone does not lead to a conclusion about which distribution is more unequal. There are multiple parameters varying from Policy B1 to Policy B3: the social welfare and the mean balance point. It is complicated to derive the exact direction of change in the concentration index, as the change direction in the social welfare is undetermined as a function of simultaneously changing balance points and inequality aversion. ]  [2:  Robson et al. (Robson et al., 2017) implemented a similar design and found that 32% of the participants reported inconsistent choices. These participants (along with additional participants under other criteria) were excluded in their main analysis. However, the sensitivity analysis, where the excluded participants were put back, revealed that the estimated medians were robust to exclusion.] 


4.2 Participants
For the main study, we aimed to recruit 1,800 participants (900 for cooling balance point and 900 for heating balance point) from an online panel platform (Chandler et al., 2019) using quotas regarding age, gender, and race. These quotas were matched to a representative national sample. Data collection was conducted in December, 2021. For cooling balance point, 1,080 participants completed the survey; these participants were recruited from four U.S. southern states (Arizona, Louisiana, New Mexico, and Texas) that have a long summer and where cooling using air conditioning is essential. For heating balance point, 915 participants competed the survey; these participants were recruited from four U.S. Midwest states (Illinois, Indiana, Kansas, Missouri) that have a milder climate and mainly use natural gas for heating in winter (The U.S. Energy Information Administration, 2018).[footnoteRef:3] A number of 14 participants in the cooling case and 9 participants in the heating case did not make a single choice, and therefore were excluded from analysis. The sample and population distributions regarding gender, age, and race were shown in Table B1 (Appendix B in Supplemental Materials). Sampling weights were created due to the significant differences in age, gender, and race between the sample distribution and the population distribution (see procedure in Appendix B in Supplemental Materials). [3:  In the southern states, about 90% of homes built between 2010-2020 use air conditioning (The U.S. Energy Information Administration, 2022); in the Midwest states, 73% of homes use natural gas for space heating (The U.S. Energy Information Administration, 2018). Our choice of the states is aimed at increasing comparability of studies on studying energy limiting behavior in Arizona (south; see Cong et al., 2022) and Illinois (mid-west; see Huang et al., 2023). In addition, to further improve the external validity of our study, we decided to include three more states based off Arizona (and three more states based off Illinois) that share a similar latitude and have a balanced mix of different levels of warmth and humidity according to the International Energy Conservation Code (IECC) climate zone map (International Code Council, 2012).] 


4.3 Measures
The measures of socio-demographic traits followed standard procedures. In this section, we describe the measures of other individual characteristics with descriptive statistics.
4.3.1 Political party and ideological position
For political party, participants were asked, “Which of the following best describes your political party affiliation?” The choices were “Strong Republican,” “Republican,” “Independent, leaning toward Republican,” “Independent,” “Independent, leaning toward Democrat,” “Democrat,” “Strong Democrat,” “No preference,” and “Other.” The choices were then recoded into three categories: Democrat (cooling: 36.3%; heating: 36.1%), Independent (cooling: 25.3%; heating: 23.9%), and Republican (cooling: 38.4%; heating: 40.0%). For ideological position, participants were asked to place themselves on a 0 (Liberal) to 100 (Conservative) scale. In the cooling case, M = 53.66, SD = 29.83; in the heating case, M = 52.95, SD = 28.84.
4.3.2 Self-report balance points, housing condition, and energy burden
We asked participants to report their thermostat set point in a typical summer or winter when they were at home and when they were not at home. We then took the average of the two temperatures to form a single balance point value for each participant. In the cooling case, M = 71.08°F, SD = 13.50°F; in the heating case, M = 66.76°F, SD = 10.32°F.
For housing condition and energy burden, we used the questions asked in the 2015 U.S. Residential Energy Consumption Survey (The U.S. Energy Information Administration, 2015). Participants were asked whether their homes were “Owned by you or someone in your household,” “Occupied without payment of rent,” or “Rented.” The responses were recoded by grouping the first two categories as Owned (cooling: 60.1%; heating: 63.3%) and Rented (cooling: 39.9%; heating: 36.7%).
For home insulation level, participants were asked to indicate where their homes were “Not insulated” (cooling: 2.5%; heating: 1.1%) “Poorly insulated” (cooling: 15.6%; heating: 18.8%), “Adequately insulated” (cooling: 48.2%; heating: 52.0%), or “Well insulated” (cooling: 33.6%; heating: 28.1%). The first two categories were grouped together in data analysis.
For energy burden, we asked how often participants forwent buying other necessities in order to pay energy bill: “Never” (cooling: 51.9%; heating: 54.7%), “1 or 2 months” (cooling: 9.4%; heating: 10.2%), “Some months” (cooling: 21.5%; heating: 18.9%), or “Almost every month” (cooling: 17.2%; heating: 16.2%). In data analysis, we grouped the first two categories as “Never or rarely,” and the last two categories as “Sometimes or often.”
4.3.3 Open-ended response: rationale
We also asked participants to provide a brief rationale for why they made their choices.

4.4 Data analytic approach
To answer the research questions, we applied techniques from survival analysis due to data type similarities (Clark et al., 2003). In survival analysis, one type of data was interval censored, meaning that a certain event was observed between two time points but without knowing the exact occurrence time. This type of data was conceptually the same as the type of data recorded in our study where participants chose at least one Policy B (e.g., if a participant chose Policy B in the first choice, then his or her inequality aversion was between zero and one). Another type of data was right censored, meaning that observation terminated at a certain time point after which a certain event may or may not occur. This type of data was consistent with the type of data recorded in our study where participants chose no Policy B (e.g., a participant’s inequality aversion was greater than three).
[bookmark: _Hlk117005697]These censoring data are exactly what survival analysis deals with. Whereas survival analysis, by convention, examines the survival function with respect to time (i.e., the probability of being alive at a given time), we examined the probability of Policy B not being chosen at a given value of inequality aversion. To account for the censoring existing in our data, we used the non-parametric maximum likelihood estimator (NPMLE) to model the choice data (Anderson-Bergman, 2017; Turnbull, 1976). We first define a survival function for inequality aversion γ, treated as a nonnegative random variable: S(γ’), where it represents the probability that a participant has not chosen Policy B after a specific value of γ: γ’, as γ increases from zero (consistent with the presentation order of the five choices in our study).
Next, as γ was not observed, we defined the set of observed intervals, D = {(, ), I = 1, … , n}, where n is sample size,  and  are the left and the right interval for participant i, respectively, with  < γ’ < . For the NPMLE, the log-likelihood is:
. 				(4)
The NPMLE is any S(γ’) that maximizes the log-likelihood in Equation 4. We used the estimated S(γ’) based on NPMLE to calculate the median γ’, defined as the value of γ’ when S(γ’) = 0.5. We note that this is one major advantage of using the survival analytic approach, because we were able to obtain a point estimate of the median inequality aversion.[footnoteRef:4] [4:  An alternative option is to use the midpoint of an interval and to apply bootstrapping to obtain a point estimate (Hardardottir et al., 2021). There are two limitations of this option. First, the midpoint assumption, although convenient and intuitive, may be inappropriate; second, this option does not apply to the right-censored data.] 

[bookmark: _Hlk120017015]We then used the weighted logrank tests (Fay and Shaw, 2010) to compare the survival probability with regard to inequality aversion between groups (e.g., gender). Finally, we used the accelerated failure time (AFT) model, a parametric regression model used in survival analysis (Anderson-Bergman, 2017; Majeed, 2020; Zhang and Sun, 2010), to examine the possible effects of a group of variables on inequality aversion (modeling details presented in Appendix C in supplemental materials). Data analysis was conducted using the interval (Fay and Shaw, 2010) and icenReg (Anderson-Bergman, 2017) packages in R (R Core Team, 2021). The data and R code associated with this study are available in the supplemental materials.

5. Results
5.1 Estimated median inequality aversion
This section reports the results that answer the first research question: What is the public’s social preference regarding inequality in energy limiting behavior in the form of inequality aversion? We first report the estimated intervals of median inequality aversion to energy limiting behavior for the cooling case and the heating case in our study. The inequality aversion interval could be found by locating the choice category at which the cumulative proportion exceeded 0.5 (Table 4). Consistent with the literature on income distribution and health distribution, we found that the median inequality aversion (median of γ) was greater than one (i.e., pro-poor). The magnitude of the median inequality aversion was close to that of the income-related health inequality aversion (Hurley et al., 2020). Using the weighted data, in the cooling case, the median inequality aversion was between 1 and 1.5; in the heating case, the median was between 1.5 and 2 (Table 4). Then, based on the NPMLE, the median inequality aversion was 1.37, 95% CI of [1.35, 1.39] for the cooling case and 1.56, 95% CI of [1.56, 1.60] for the heating case.

Table 4
Descriptive results of survey.
	
	
	Cooling case
	Heating case

	The position of choice at which Policy B was first chosen
	Implied interval of γ
	Cumulative proportion with 95% confidence interval
	Cumulative proportion with 95% confidence interval

	1
	0 < γ < 1
	0.23 [0.21, 0.26]
	0.22 [0.20, 0.25]

	2
	1 < γ < 1.5
	0.60 [0.57, 0.63]
	0.49 [0.45, 0.52]

	3
	1.5 < γ < 2
	0.73 [0.70, 0.75]
	0.61 [0.57, 0.64]

	4
	2 < γ < 2.5
	0.78 [0.76, 0.81]
	0.65 [0.62, 0.68]

	5
	2.5 < γ < 3
	0.82 [0.80, 0.84]
	0.69 [0.66, 0.72]

	6^
	γ > 3
	1.00
	1.00


Note. For the cooling case, n = 1,066; for the heating case, n = 906. Weighted data were used.
^ No Policy B was chosen.

[bookmark: _Hlk93403382]5.2 Heterogeneity in median inequality aversion by individual characteristics
This section and the next section report the results that answer the second research question: How would inequality aversion vary across different individual characteristics? We examined the possible heterogeneity in median inequality aversion by individual characteristics. To do this, we first compared the choice proportions between two or three categories within a given variable for the cooling case (Fig. 3) and the heating case (Fig. 4); see Appendix D in Supplemental Materials for the group sample sizes, corresponding proportions, and the 95% confidence intervals. High education denotes bachelor’s degree or above; high income denotes annual income of $80,000 or above. The weighted percentages were used in this section, and the results of the weighted logrank tests were reported in each graph of Fig. 3 and Fig. 4. Under the context of survival analysis, the null hypothesis in a logrank test is that the survival functions were equal across groups. For our purpose, the null hypothesis was that the probabilities of not choosing Policy B as a function of inequality aversion were equal across groups. We reported Sun’s score for the logrank score Z (Sun, 1996) for a two-group comparison and χ2 for a three-group comparison (Fay and Shaw, 2010). The implied interval of median inequality aversion based on the position when Policy B was first chosen can be found in Table 4.
In the cooling case (Fig. 3), heterogeneity regarding the median inequality aversion existed across age groups and education groups, where the medians of inequality aversion for participants who were 60 years old or above (vs., age < 60) and with high education (vs. low) were greater. Except for gender, political party, and income, the distribution of choices was significantly different between the two groups in each of the remaining variables at the 0.05 level. There were less pro-rich (those who chose Policy B in the first choice) and more highly pro-poor participants (those who always chose Policy A) among older (vs. younger) participants, high-education (vs low-education), and among non-Hispanic whites (vs. non-whites).
Z = -0.11, p = 0.91
χ2 = 0.97, p = 0.61
Z = -1.06, p = 0.29
Z = 4.70, p < 0.001
Z = -2.79, p = 0.005
Z = -3.94, p < 0.001

Fig. 3. Choice results by individual characteristics: cooling case (n = 1,066). Horizontal dash line denotes a proportion value of 0.5. Implied interval of median inequality aversion (γ) based on the position when Policy B was first chosen: 1: 0 < γ < 1, 2: 1 < γ < 1.5, 3: 1.5 < γ < 2, 4: 2 < γ < 2.5, 5: 2.5 < γ < 3, 6 (no Policy B was chosen): γ > 3.
In the heating case (Fig. 4), heterogeneity regarding the median inequality aversion existed across age, gender, education, race, and political party groups. The medians of inequality aversion for participants who were 60 years old or above (vs., age < 60), male (vs. female), with high education (vs. low), non-Hispanic whites (vs. non-whites), and Independents or Republicans (vs. Democrats) were greater. Among the above differences, the greatest one existed in age: Those who were 60 or above had a median inequality aversion between 2.5 and 3, whereas those younger had a median between 1 and 1.5. The weighted logrank tests told a slightly different story as in the cooling case: Except for gender and income, the test for the remaining variables were significant at the 0.05 level. Consistent with the cooling case, there were less pro-rich and more highly pro-poor participants among older, high-education, non-Hispanic white, and high-income participants. Lastly, for political party, against our expectation, there were less pro-rich and more highly pro-poor participants among the Republicans than the Independents and the Democrats.

χ2 = 8.06, p = 0.02
Z = 2.88, p = 0.004
Z = -5.71, p < 0.001
Z = -3.62, p < 0.001
Z = 0.81, p = 0.42
Z = 1.24, p = 0.22


Fig. 4. Choice results by individual characteristics: heating case (n = 906). Horizontal dash line denotes a proportion value of 0.5. Implied interval of median inequality aversion (γ) based on the position when Policy B was first chosen: 1: 0 < γ < 1, 2: 1 < γ < 1.5, 3: 1.5 < γ < 2, 4: 2 < γ < 2.5, 5: 2.5 < γ < 3, 6 (no Policy B was chosen): γ > 3.


5.3 Covariates’ effects on inequality aversion
To examine the conditional effects of a group of variables while controlling for others on inequality aversion, we specified and fit the AFT model described in Appendix C (supplemental materials). Because using weights in a regression-type model would destabilize standard errors of the estimates (Gelman, 2007), we used the unweighted data and included those variables (age, gender, and race) used to create weights in the AFT model. The sample sizes used were reduced due to missing data in the predictors. Notwithstanding, we note that 90% and 92% of the participants in the cooling case and in the heating case were retained.
Regarding the results, first, the two parameters of the baseline loglogistic distribution of the survival function were highly significant for both the cooling and heating case. A greater-than-one shape parameter indicated that the hazard functions under a loglogistic-distributed survival function were nonmonotonic (Majeed, 2020), where the risk of a participant choosing Policy B increased then decrease. This was consistent with the observed proportions by choice outcome presented in Table 4, where a substantial number of participants (60% in the cooling case and 49%) had chosen Policy B at the second choice.
The results of the AFT model showed several significant effects at the 0.05 significance level (Table 5). We present the coefficients in the exponential form to aid interpretation. For example, in the cooling case, given the same probability of switching from preferring Policy A to preferring Policy B, the inequality aversion value of those participants who were 60 or older was 1.20 times (p = 0.002) as much as that of the younger participants. Similarly, in the heating case, the older participants had an inequality aversion 1.31 times (p = 0.001) as much as the younger participants.
We now present the significant predictors uniquely in the cooling case (the third column in Table 5) and uniquely in the heating case (the fourth column in Table 5). In the cooling case, blacks had less inequality aversion than whites (0.76 times as much as whites, p < 0.001); regarding ideology, conservatives had 0.89 times as much inequality aversion as moderates (p = 0.05 [.04992]). In the heating case, Hispanics had less inequality aversion than whites (0.79 times as much as whites, p = 0.04); high-education (with a bachelor’s degree or above) participants had 1.23 times greater inequality aversion than low-education participants (p = 0.005); against expectations, those who more often forwent buying other necessities to pay energy bill had less inequality aversion than those who never or rarely forwent doing so; in contrast, those whose home was just adequately insulated (vs. well insulated) and those whose home was poorly or not insulated (vs. well insulated) had greater inequality aversion. Lastly, the participants living in Missouri (vs. Kansas) and living in Indiana (vs. Kansas) had greater inequality aversion.
[bookmark: _Hlk117263665][bookmark: _Hlk117272380]As a sensitivity analysis, we also fit the AFT model with weighted data (Table E1; see Appendix E in supplemental materials). The model fit (log-likelihood) improved slightly in the cooling case (by 0.99) but became worse in the heating case (by 6.91). The interpretation of most covariates’ effects stayed the same except the following: In the cooling case, female participants had greater inequality aversion than males (1.11 times as much as males, p = 0.03), those with high education had greater inequality aversion (1.11 times as much as those with low education, p = 0.006), but conservatives did not differ from moderates significantly (p = 0.29); in the heating case, the home insulation level did not have a significant effect on inequality aversion. However, we note that the difference in the interpretation of results is rather small. For example, the signs of the affected coefficients were the same between the unweighted and the weighted data. Also, using the unweighted data, the p values of adequately insulated (vs. well insulated) and poorly or not insulated (vs. well insulated) were 0.08 and 0.06, respectively (see Table E1). Based on this sensitivity analysis, and given that using weights in a regression-type model would destabilize standard errors of the estimates (Gelman, 2007) and that we have included those variables used to create weights in the AFT model as covariates, we have sufficient confidence in interpreting the results based on the unweighted data.

[bookmark: _Hlk117259482]Table 5
Summary of AFT model results.
	Parameter
	Coding scheme
	Estimatea, Standard error (p)

	
	
	Cooling case (n = 958)
	Heating case (n = 834)

	Baseline loglogistic scale
	
	
1.48, 0.02 (< 0.001)
	
1.77, 0.03 (< 0.001)

	Baseline loglogistic shape
	
	
2.69, 0.04 (< 0.001)
	
2.03, 0.04 (< 0.001)

	Gender
	Male [0]
	
	

	
	Female
	1.07, 0.05 (0.12)
	0.94, 0.06 (0.35)

	Age
	< 60 [0]
	
	

	
	≥ 60
	1.20, 0.06 (0.002)
	1.31, 0.08 (0.001)

	Race
	White [0]
	
	

	
	Black
	0.76, 0.08 (< 0.001)
	0.95, 0.11 (0.63)

	
	Asian
	1.12, 0.13 (0.38)
	0.94, 0.16 (0.69)

	
	Hispanic
	0.92, 0.05 (0.12)
	0.79, 0.11 (0.04)

	
	Other
	1.05, 0.22 (0.81)
	0.88, 0.23 (0.57)

	Income
	< $40,000 [0]
	
	

	
	[$40,000, $60,000)
	1.01, 0.06 (0.84)
	1.03, 0.09 (0.72) 

	
	[$60,000, $80,000)
	0.90, 0.07 (0.15)
	1.02, 0.10 (0.82)

	
	[$80,000, $100,000)
	0.88, 0.09 (0.17)
	1.05, 0.12 (0.69)

	
	[$100,000, $120,000)
	0.94, 0.10 (0.58)
	1.08, 0.16 (0.61)

	
	[$120,000, $140,000)
	1.18, 0.13 (0.22)
	1.24, 0.18 (0.23)

	
	> $140,000
	0.97, 0.11 (0.74)
	0.99, 0.13 (0.95)

	Political party
	Independent [0]
	
	

	
	Democrat
	1.02, 0.06 (0.73)
	0.91, 0.09 (0.29)

	
	Republican
	1.01, 0.06 (0.90)
	1.10, 0.09 (0.31)

	Education
	Low [0]
	
	

	
	High
	1.10, 0.05 (0.08)
	1.23, 0.07 (0.005)

	Home ownership
	Owned [0]
	
	

	
	Rent
	1.04, 0.05 (0.37)
	1.06, 0.07 (0.42)

	Forgo buying other necessities to pay energy bill 
	Never or rarely [0]
	
	

	
	Sometimes or often
	0.92, 0.05 (0.08)
	0.75, 0.07 (< 0.001)

	Insulation
	Well insulated [0]
	
	

	
	Adequately insulated
	1.03, 0.07 (0.71)
	1.23, 0.09 (0.03)

	
	Poorly or not insulated
	
0.99, 0.05 (0.86)
	
1.18, 0.07 (0.02)

	Cooling (or heating) balance point
	< 74°F (or 68°F) [0]
	
	

	
	≥ 74°F (or 68°F)
	1.06, 0.05 (0.17)
	0.93, 0.06 (0.24)

	Ideology
	Moderate [0]
	
	

	
	Liberal
	0.95, 0.06 (0.35)
	1.01, 0.09 (0.87)

	
	Conservative
	0.89, 0.06 (0.05)
	0.97, 0.08 (0.68)

	State
	Arizona (or Kansas) [0]
	
	

	
	Texas (or Missouri)
	1.06, 0.05 (0.31)
	1.30, 0.10 (0.01)

	
	New Mexico (or Illinois)
	1.19, 0.11 (0.12)
	1.14, 0.10 (0.16)

	
	Louisiana (or Indiana)
	1.17, 0.09 (0.10)
	1.25, 0.10 (0.03)

	
	Other
	1.10, 0.13 (0.45)
	0.93, 0.23 (0.75)


Note. High education denotes bachelor’s degree or above. Log-likelihood (cooling): -1,535.95; Log-likelihood (heating): -1,310.66
a Presented in exp(estimate).


5.4 Examining open-ended responses
We used a mixed method to examine how participants reflected upon their choices. First, we used structural topic modeling (STM) (Roberts et al., 2016, 2014), a commonly used unsupervised text analysis technique for analyzing open-ended response in surveys, to identify prominent topics that emerged from the participants’ responses and to examine the relationship between the position where participants switch to Policy B and the identified topics. In a general case of topic modeling, each document is assumed to contain a set of latent topics, and each topic is assumed to be associated with a set of words. The goal is to discover which topics are prevalent in a document (topic prevalence) and which words are associated with a topic (topic content). 
STM is an extension to the more traditional topic modeling methods like latent Dirichlet allocation (LDA; Blei, 2012) and leverages the metadata of documents (document covariates) to examine the covariates’ effects on topic prevalence and topic content. Our hypothesis was that the STM results would show that those who switched later should give their rationales focusing more on the equal distribution of Policy A and more concern for lower-income groups (maximin preference), whereas those preferred Policy Bs would focus more on Policy Bs’ lower average cooling balance points (or higher average heating balance points; preference for economic efficiency). The detailed procedure and results of STM are documented in Appendix F (supplemental materials). The results met our expectation in both the cooling and the heating case. The prominent topics on which the switching position had significant covariate effects reflected either a preference for equal distribution, an emphasized concern about the insufficient access for lower-income groups (maximin preference), or a preference for better average balance points (preference for economic efficiency).
During the second stage of the analysis on the open-ended responses, we read through the top responses associated with the prominent topics across the cooling and the heating case, and found representative responses under the prominent topics identified in the first stage (based on STM). In Table 6 we list the representative responses, which highlights that the participants’ responses correspond well with the logic of our study design. 



Table 6
Representative responses associated with prominent topics (cooling and heating combined)
	Preference for equal distribution

	1. Policy A’s distribution is the most equal and consistent in terms of decrease in temperature with higher income [for cooling]. In other words low income households didn’t have a huge gap in degrees separating them from higher income households.
2. Policy a always seemed to be more fair and equal than policy b. Policy b made it where people with less income have to be cold while the ones with the highest don’t [for heating].
3. Purchases must remain fair to all. A cost is a cost no matter what. An apple isn't cheaper for different income levels

	Emphasized concern for lower-income groups (maximin preference)

	1. I would not be in the lower income ranges, but I don’t feel it’s right for cooling temperature to be based on income!!! I felt bad for those lower level earners and was trying to be fair across the board. I was not being selfish.
2. I picked policy A because it gave the lower income bracket the highest temperature option [for heating]. 
3. I chose mostly based on the minimum temperatures for lower incomes; there’s no reason lower income households should have to experience indoor temps over 80 [for cooling].

	Preference for better average balance point (preference for economic efficiency)

	1. Lower average temperature point [for cooling].
2. Overall average Temps are in line with my comfort levels
3. Plan b seems to be the better option for everyone since it stays fair throughout the majority of the policy




[bookmark: _Hlk93858490]6. Discussion
This study aimed to elicit the social preferences towards inequality in energy consumption in the U.S. Whereas previous research in the energy field assumed a set of predetermined values of inequality aversion (Böhringer et al., 2012; Landis et al., 2021; Nock et al., 2020; Schlör et al., 2013, 2012), our study aimed to determine the empirical value of the inequality aversion parameter regarding energy consumption inequality among the U.S. public, and how inequality aversion varied across individual characteristics.
We focused on the income-related distributions of cooling and heating balance points, defined as the indoor temperature when homes turn on cooling and heating units (Cong et al., 2022; Dubin, 2008; Plagge et al., 2017). Our method to infer the empirical value of inequality aversion was to ask participants to make multiple choices between two income-related distributions of cooling balance points or heating balance points. Whereas similar efforts have been taken in income inequality (Carlsson et al., 2005; Johansson‐Stenman et al., 2002; Pirttilä and Uusitalo, 2010) and health inequality (Hurley et al., 2020; Robson et al., 2017), this study is among the first attempt to elicit inequality aversion from the public in the field of residential energy consumption. We discuss the implications of the findings below.

6.1 Implication of findings
[bookmark: _Hlk117272066]The most important takeaway from our study was that the participants indeed showed a pro-poor propensity, indicated by a median income-related inequality aversion greater than one. We found that the median inequality in four southern states (Arizona, Louisiana, New Mexico, and Texas) was 1.37, 95% CI of [1.35, 1.39], whereas the median inequality aversion was 1.56 in four Midwest states (Illinois, Indiana, Kansas, and Missouri), 95% CI of [1.56, 1.60]. Thus, those for whom space heating in winter is a major concern were slightly more pro-poor than those for whom space cooling in summer is a major concern. In terms of the magnitude of the estimated inequality aversion, the only directly comparable evidence we were aware of was from a previous study on health inequality, where the median income-related inequality aversion was between 1.5 and 2 and the mean aversion was 1.66 (Hurley et al., 2020), which was close to those estimated in our study.
Regarding the results indicating that the median inequality aversion in the heating case was greater than that in the cooling case (with mutually exclusive 95% CIs), we surmised that this could be a product of the different effects of the self-report balance points. In the cooling case (p = 0.17), the higher the self-report cooling balance point, the greater the inequality aversion; in the heating case (p = 0.24), again, the higher the self-report heating balance point, the greater the inequality aversion. Given the evidence that the need for thermal comfort predicted energy consumption (Becker et al., 1981; Chen et al., 2017; Seligman et al., 1979), and that we controlled for home insulation level, our results indicated an opposing mechanism: As need for thermal comfort in the cooling case increased (with a lower balance point), inequality aversion decreased; however, as need for thermal comfort in the heating case increased (with a higher balance point), inequality aversion increased. This opposing mechanism is even more plausible if we consider the empirical evidence from Chen et al. (Chen et al., 2017), where the need for thermal comfort in summer was found to be greater than the need for thermal comfort in winter among low-income U.S. households. Still, we note that whether this opposing mechanism of the effect of need for thermal comfort can indeed explain the observed difference in median inequality aversion needs further investigation. Ideally, one should use the same sample to estimate inequality aversion in both the cooling and heating case, together with the measure of the need for thermal comfort in summer and winter.
To further unpack what the value of 1.37 and 1.56 imply for resource redistribution to reduce the inequality existing in the income-related distribution of energy consumption, we use the concept of equally distributed equivalent (EDE (Atkinson, 1970)). In the welfare-based inequality measures, given a value of inequality aversion, EDE is the amount of total resource or service (e.g., income, or balance point for our purpose) that is equally distributed and enables the society to reach the same level of social welfare as the actual distribution. In other words, EDE measures how much the society would give up the total amount of resource or service to have a greater level of equality. 
To calculate the EDE based on the estimated inequality aversion values, we can directly use Equations 2 and 3 (Hurley et al., 2020). In the cooling case, EDEC = 79.34°F, and in the heating case, EDEH = 68.37°F. Under the context of our study, if we use the reference distributions (Policy A) in Tables 2 and 3 as the baseline distribution, where the mean in Policy A in the cooling case was 78°F, and the mean in Policy A in the heating case was 69.6°F, the temperature, EDEC = 79.34°F, implies that those in the four southern states are willing to have a higher (1.7%) mean cooling balance point by giving up a certain amount of energy consumption so that the cooling balance point (79.34°F) can be distributed equally across income groups; EDEH = 68.37°F means that those in the four Midwest states are willing to have a lower (1.8%) mean heating balance point by giving up a certain amount of energy consumption so that the heating balance point (68.37°F) can be distributed equally across income groups.
The estimated inequality aversion can also be applied in the real world using actual distributions. Take the empirical evidence regarding the distribution of cooling balance points in Arizona as an example (Fig. 1). Using the estimated balance points in Year 2018-2019 from their study, based on Equation 2 (with the same underlying assumptions) and the inequality aversion being 1.37, EDEC = 66.3°F (1.4% higher than the actual mean of 65.4°F). This indicates that whereas the public is pro-poor, there would be only a small amount of energy consumption that needs to be forgone to achieve a more equitable distribution. 
With a specific target balance point available, policymakers and local governments can set realistic and workable pathways to tackle the issue of energy burden and energy limiting behaviors, as well as respond to the constituency’s pro-poor sentiment. For example, regarding the energy equity gap shown in Fig. 1 (Cong et al., 2022), to achieve energy equality the goal is to lower the cooling balance points of the five low-income groups to 66.3°F through weatherization or energy bill assistance programs. If the policy was focused on reducing energy consumption, then the goal is to bring the cooling balance points of the three high-income groups up to 66.3°F through behavior change campaigns.
[bookmark: _Hlk120104707][bookmark: _Hlk117272181][bookmark: _Hlk120104988][bookmark: _Hlk118289220][bookmark: _Hlk120104738]One major takeaway from our examination of the second research question is that, younger people had lower aversion values than older people, which was the case in both the southern and Midwest states. This age effect was in the opposite direction against the one found in a study with a similar design in the health domain (Hurley et al., 2020). In southern states, blacks had lower aversion values than whites. In Midwest states, Hispanics had lower aversion values than whites. This pair of results regarding race is unexpected and needs further examination. However, we note that these results are consistent with one conclusion from the literature regarding the empirical evidence of the relationship between inequality aversion and sociodemographic variables: “… in general, few consistent patterns emerge, with the possible exception of that with political beliefs” (Hurley et al., p. 13). This exception regarding political belief indeed found some support in our results: In the southern states, those who had higher ideology scores (i.e., conservatives) were less averse to inequality than those who had moderate ideology scores, which is partly in line with an earlier piece of evidence in the health domain (Hardardottir et al., 2021). In contrast, our AFT model showed no significant effect of political partisanship. This is consistent with the evidence showing that ideological position do not always align with partisanship (Huddy et al., 2015), and that political ideology had stronger associations with the attitudes towards federal spending on welfare and concerns over inequality than political party identification in the U.S. (Baldassarri and Gelman, 2008). With regards to education, in the Midwest states, lower-education people had lower inequality aversion. Moreover, we did not find any significant gender effect on inequality aversion, which is in line with an earlier study based on a similar study in the health domain (Hurley et al., 2020), but contradicts another finding showing that women had greater health inequality aversion than men (Hardardottir et al., 2021). Before more evidence is obtained, for practitioners, policy designers, and community advocates, the takeaway message from the current study is that more resources and attention should be devoted to low-income senior citizens. The elderly group in the current study was more averse to inequality in both the cooling and heating case, and this group was more vulnerable to negative health impact due to unhealthy indoor environment. 
Finally, within the cooling case or the heating case, we did not expect any difference across states. This turned out to be true in the cooling case. However, in the heating case, the results showed that the participants living in Missouri (vs. Kansas) and living in Indiana (vs. Kansas) had greater inequality aversion. Our results established the first of its kind empirical evidence of state differences. We hope that such evidence can guide future studies to investigate the state differences. For practical purposes, to increase inequality aversion in the Midwest states, campaigners may want to target the residents in Kansas, because two other states (Missouri and Indiana) had aversion values significantly higher than Kansas.

6.2 Methodological significance
Our study demonstrates how to model participant’s choice in studies that aim to elicit inequality aversion by using techniques from survival analysis, which had not been used in similar designs, e.g., (Carlsson et al., 2005; Hurley et al., 2020). On one hand, the nature of the interval data generated in our survey resembles those generated under interval censoring in survival analysis (Zhang and Sun, 2010). Survival analysis provides a useful way to model the uncertainty existing in the interval data. In addition, one major advantage of our method is that it allows a point estimate of median inequality aversion (with 95% CIs), whereas only intervals of median inequality aversion were estimated in previous studies.[footnoteRef:5] [5:  One exception is (Hardardottir et al., 2021) of which the limitations are discussed in Footnote 4.] 


6.3 Limitations and future research
6.3.1 Limitations
There are several limitations in our study. First, due to the concerns over prolonged survey completion time and the cognitive load on participants (Brosnan et al., 2021), we did not measure participants’ social values orientation that would have enabled us to classify participants into altruistic, cooperative, individualistic, competitive, or aggressive (Hurley et al., 2020, p. 4). Social values orientation can be a significant predictor of inequality aversion. Due to the same concerns, we did not estimate the cooling inequality aversion and heating inequality aversion using the same sample. The primary goal of the current project was to elicit inequality aversion from participants for whom energy limiting behavior could have negative health consequences. This is why we focus on space cooling in the summer months when limiting energy consumption due to financial stress may lead to heat-related death (Iverson et al., 2020), and space heating in the winter months when limiting consumption may lead to cold-related death (Kinney et al., 2015; O’Neill, 2003). Our estimates represent an upper bound in the level of inequality aversion because they are elicited from places where the health risks of under-consuming energy are the most likely to be recognized. We hope that our studies can generate the most policy implications for the regions that need them the most. In future studies, using the same sample would help examine the opposing mechanism of the effect of the need for thermal comfort in summer and the need for thermal comfort in winter on inequality aversion (see Section 6.1). Second, our design in the heating case may lack in certain level of external validity, due to the mixed empirical evidence of heating balance point distribution across income groups (Charlier and Legendre, 2016; Huebner et al., 2019; Kelly et al., 2013; Oreszczyn et al., 2006). Nevertheless, our results are still meaningful because participants were asked to imagine themselves living in a hypothetical society, which did not depend on the actual balance point distribution. Third, we acknowledge that due to the lack of directly relevant previous studies in the energy field and based on our review of literature in other fields, our approach to examine the effects on inequality aversion was largely exploratory. Notwithstanding, our findings provide directions for rigorous hypothesis testing regarding effects on inequality aversion in future studies and provide some practical initial insights for energy justice campaigners.

6.3.2 Future research
As noted in Section 6.1, one area that needs to be examined further is the possible opposing mechanism of need for thermal comfort in summer and winter on inequality aversion. Whenever practical, one should estimate the cooling inequality aversion and the heating inequality aversion using the same sample, as well as measuring need for thermal comfort. To determine the priority of addressing various topics in inequality (e.g., energy inequality vs. health inequality), it would be useful to compare the bivariate income-related inequality aversions in two or more topics in a future study by either eliciting various inequality aversions using a common set of participants or randomizing topics. Another promising direction is to compare the relative strengths of the effects of political party identification, political ideology, and social value orientation on inequality aversion. Our results found that political ideology may be a stronger predictor than party identification, but we still need a more rigorous comparison with the measure of social value orientation (Section 5.3.1).

7. Conclusion
[bookmark: _Hlk104479377][bookmark: _Hlk140763732]This research fills a gap in the understanding of how the public values the inequality in energy limiting behavior. We elicited the bivariate income-related inequality aversion to energy limiting behavior in the U.S. under a social welfare framework. We used balance points to quantify energy limiting behavior, which also indirectly reflects thermal comfort. In an online survey, 1,066 (from four southern states) and 906 (from four Midwest states) participants made choices between energy policies in a hypothetical society that would lead to different distributions of cooling balance points (southern) or heating balance points (Midwest) across five income groups. Participants showed a pro-poor propensity: the median inequality aversions were 1.37, 95% CI of [1.35, 1.39] (cooling) and 1.56, 95% CI of [1.56, 1.60] (heating). Regarding policy implications, the 1.37 inequality aversion in the cooling case sets a realistic redistribution goal about energy limiting behavior in Arizona: raising the average cooling balance point from 65.4°F (Year 2018-2019) to 66.3°F (by 1.4%) and making cooling balance points equal across income groups will generate the same level of social welfare as the existing distribution. The estimated aversion levels also indicate that designing policies to reduce inequality in balance points will generate social welfare gains. Moreover, the policy design tackling energy equity gaps should not separate energy consumption inequality from income inequality, as the public reacts to these two as intertwined issues.  
[bookmark: _Hlk104479678][bookmark: _Hlk140766808]One common significant effect existed in both cases: younger participants were less averse to inequality. For the cooling case, blacks (vs. whites) and conservatives (vs. centrist) were less averse to inequality; for the heating case, Hispanics (vs. whites), low (vs. high) education participants, and those whose homes were well insulated (vs. adequately and vs. poorly or not insulated) were less averse to inequality. The policy design should focus on the concerns of low-income senior citizens. Our findings provide significant insights for policymakers, activists in energy justice, and future research agenda.
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