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          This study examines the distributional implications of energy-related taxation in Korea using household-level panel data from the National Survey of Tax and Benefit for 2008–2024. The dependent variable is the household energy tax burden, measured as estimated energy-related tax payments divided by household income. Because household income is the denominator of the burden measure, a declining burden ratio across income groups is partly expected by construction; the analysis therefore focuses on the magnitude, persistence, and heterogeneity of the income gradient. Descriptive statistics show that, under the standardized expenditure-based construction, the estimated burden ratio for the lowest-income decile is approximately 7.0 times that for the highest-income decile, even though higher-income households make larger estimated payments in absolute terms. Fixed-effects estimates show that the gradient persists after controlling for household fixed effects and survey-wave effects, indicating that it is not solely attributable to cross-sectional compositional differences. Receipt of general public transfers is associated with heterogeneity in the income gradient, but it does not eliminate the underlying regressive pattern. Conditional quantile regression further shows that the gap between low- and high-income households is larger at higher points of the burden distribution. These findings support the design of compensation policies that consider both income and actual energy burden, while distinguishing dedicated energy-tax compensation from broad public transfers and existing energy-affordability programs.
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      1. Introduction
      Climate change has become one of the most urgent policy challenges facing contemporary societies. To reduce greenhouse gas emissions and accelerate the transition toward a low-carbon economy, governments have increasingly relied on market-based policy instruments such as carbon pricing, emissions trading schemes, and energy-related taxation. These instruments are designed to internalize the external costs of fossil fuel consumption and to provide economic incentives for households and firms to reduce carbon-intensive behavior. Market-based instruments have been widely discussed as cost-effective tools for greenhouse gas mitigation because they place a price on emissions and allow decentralized agents to adjust their behavior according to their abatement costs (Goulder and Parry, 2008; Metcalf, 2009).

      Among these instruments, energy taxation plays a particularly important role. Even in countries where an explicit carbon tax has not been fully introduced, taxes imposed on transportation fuels, heating fuels, electricity, and other energy-related goods can function as implicit carbon pricing mechanisms. By increasing the price of energy consumption, such taxes can encourage energy conservation and contribute to climate change mitigation. However, their distributional consequences remain a central concern. Previous studies have shown that carbon and energy taxes may have regressive effects when measured relative to current income, because lower-income households typically spend a larger share of their income on energy and other necessities (Hassett et al., 2009; Poterba, 1991; Rausch et al., 2011). More recent studies also emphasize that the degree of regressivity depends on household consumption patterns, energy sources, regional characteristics, and the way tax revenues are recycled (Dorband et al., 2019; Klenert et al., 2018). This raises an important policy dilemma: climate policy instruments that are environmentally effective may face social resistance if they are perceived as unfair.

      The distributional impact of energy taxation is therefore not a secondary issue but a core component of climate policy design. Public acceptance of climate policy depends not only on the environmental effectiveness of the policy but also on how its costs and benefits are distributed across income groups. Studies on carbon tax acceptability have shown that public opposition is often driven by concerns about fairness, household cost burdens, distrust in government use of revenues, and uncertainty about environmental effectiveness (Carattini et al., 2018). If energy taxation disproportionately affects low-income households, policy support may decline, and the long-term sustainability of climate policy may be weakened. For this reason, recent studies emphasize the need to combine carbon pricing and energy taxation with compensation mechanisms, such as lump-sum transfers, targeted rebates, energy vouchers, or revenue recycling programs (Carattini et al., 2018; Klenert et al., 2018).

      Korea provides an important case for examining these issues. Although Korea has implemented an emissions trading scheme for major emitters, household-level energy taxation remains an important channel through which climate-related fiscal burdens are transmitted to consumers. Energy-related taxes, including those imposed on transportation and energy use, affect household energy expenditure and may have different implications depending on household income, consumption structure, region, and receipt of general public transfers. Existing Korean studies have examined the distributional effects of carbon taxation and related compensation schemes, finding that carbon taxation can be regressive before revenue recycling but that lump-sum or targeted transfers can substantially alter the distributional outcome (Lee and Kim, 2022). However, relatively less attention has been paid to long-term household-level panel evidence on estimated household energy tax burdens and to whether the burden gradient differs by broad general public transfer receipt. Because such transfers are not dedicated energy-tax rebates, their empirical role must be distinguished from explicit climate-policy compensation. Understanding these distributional effects is essential for designing climate policies that are both efficient and equitable.

      This study examines the distributional implications of energy taxation in Korea using household-level panel data from the National Survey of Tax and Benefit for the period 2008–2024. The analysis focuses on the energy tax burden at the household level, defined as the estimated energy-related tax payment relative to household income. By using panel data, the study accounts for unobserved household-specific characteristics that may influence both income status and energy consumption patterns.

      This study addresses three research questions. First, how does the household energy tax burden vary across income groups in Korea? Second, does the energy tax burden show a regressive pattern after controlling for household characteristics, year effects, and unobserved time-invariant heterogeneity? Third, does the income gradient in the household energy tax burden differ by general public transfer receipt?

      This study contributes to the literature in three ways. First, it provides household-level empirical evidence on the distributional burden of energy taxation in Korea over a long period from 2008 to 2024. Second, it examines not only the average relationship between income groups and energy tax burden but also distributional heterogeneity using conditional quantile regression. Third, it examines whether the income gradient differs by broad general public transfer receipt while explicitly distinguishing such transfers from dedicated energy-tax compensation and specific energy-affordability programs.

      The remainder of the paper is organized as follows. Section 2 reviews the relevant literature and policy background. Section 3 describes the data, variable construction, and empirical strategy. Section 4 presents and discusses the empirical results. Section 5 concludes with policy implications.

    

    

  
    
      2. Literature review: Energy taxation, distributional burden, and compensation
      
        2.1. Energy taxation as a climate policy instrument
        Market-based instruments have long been regarded as effective tools for addressing environmental externalities. Carbon pricing and energy taxation are designed to align private costs with social costs by increasing the cost of fossil fuel consumption and thereby encouraging households and firms to reduce carbon-intensive activities, adopt energy-saving technologies, and shift toward cleaner alternatives. In this respect, energy taxation can function in a manner similar to explicit carbon pricing when taxes are imposed on fossil fuels or energy-related goods consumed by households and firms.

        In practice, many countries rely not on a single carbon tax but on a broader mix of explicit carbon taxes, fuel excise taxes, transportation taxes, electricity charges, and other energy-related fiscal instruments. Even when these instruments are not formally labeled as carbon taxes, they may still influence energy consumption decisions and contribute to emissions reduction. From this broader perspective, the climate-policy role of energy taxation can be understood as arising from the combined effect of explicit and implicit price signals rather than from a single instrument alone. This broader perspective is also consistent with OECD (2015) evidence showing that household-facing energy taxes differ substantially by energy carrier and institutional setting, implying that their environmental and distributional effects must be understood within the overall tax design rather than through a narrow focus on explicit carbon taxes alone.

        At the same time, the climate-policy effectiveness of energy taxation depends heavily on the structure of the tax base, the level of tax rates, the scope of exemptions, and the way revenues are used. If tax rates are not closely aligned with carbon content, the environmental efficiency of energy taxation may be weakened. Likewise, if tax revenues are not recycled in a way that protects vulnerable households, the policy may generate regressive burdens and reduce public support. Pizer and Sexton (2019) emphasize that the distributional impact of energy taxes varies markedly depending on which energy commodities are taxed and how revenues are returned, while the OECD (2015) similarly shows that taxes on transport fuels, heating fuels, and electricity can have different incidence patterns across the income distribution. These studies suggest that energy taxation should be evaluated not only as a price-based environmental instrument but also as part of a broader fiscal package in which tax design and revenue recycling jointly shape policy outcomes.

      

      
        2.2. Distributional impacts of energy taxation
        A central concern in the literature is whether carbon pricing and energy taxation are regressive. A tax is generally considered regressive when lower-income households pay a larger share of their income than higher-income households. Because household energy consumption includes essential items such as heating, electricity, and transportation, lower-income households often have more limited scope to reduce consumption in response to higher prices. As a result, energy-related taxes may impose a disproportionate burden on economically vulnerable groups.

        This concern has been a longstanding issue in the fiscal and environmental policy literature. Poterba (1991), in a classic analysis of gasoline taxation, showed that energy-related consumption taxes can be regressive when evaluated relative to current income. Grainger and Kolstad (2010) similarly found that the burden of a price on carbon depends not only on income but also on household consumption patterns, implying that the distributional incidence of carbon pricing cannot be inferred from average income comparisons alone. Extending this line of research, Rausch et al. (2011) demonstrated with a general equilibrium framework combined with household micro-data that carbon pricing produces meaningful variation in burdens across households and that those burdens depend on both direct and indirect channels of tax incidence. Together, these studies establish that regressivity is not simply a rhetorical concern but a persistent empirical feature of many energy-pricing policies.

        Empirical investigations across different institutional settings further show that the distributional effects of energy taxation vary significantly across countries, regions, and household types. Recent evidence from the European context also shows that household energy taxation can generate unequal burden patterns depending on income and consumption structure (Amores et al., 2023). The burden depends on baseline income, consumption structure, housing quality, transportation dependence, local climate, and the availability of substitutes such as public transportation or cleaner household energy sources. For example, rural households may face higher transportation energy needs, while elderly households may face relatively higher heating demand. These multidimensional factors imply that the distributional impact of energy taxation cannot be understood solely by comparing broad income groups; it also requires attention to household-level heterogeneity and structural constraints. This broader interpretation is reinforced by OECD (2015) cross-country evidence and by Pizer and Sexton’s (2019) synthesis, both of which show that the incidence of energy taxes differs substantially by commodity, geography, and household characteristics.

        Recent cross-national research also highlights that the perceived fairness of carbon pricing is central to policy acceptance. Survey evidence from Dechezleprêtre et al. (2025) indicates that attitudes toward climate policies are strongly shaped by beliefs about fairness, compensation, and who ultimately bears the burden of policy costs. Likewise, Douenne and Fabre (2022), through their analysis of the Yellow Vests movement in France, show that opposition to carbon taxation is closely tied to pessimistic beliefs, distrust in government, and the perception that the policy unfairly targets ordinary households rather than distributing burdens equitably. These findings imply that the distributional consequences of energy taxation matter not only in economic terms but also in political terms, because perceived unfairness can undermine the long-term viability of climate policy.

        The Korean context is highly relevant to this broader debate. Yi and Kim (2017) report that the distributional effects of energy taxes in Korea are uneven across income groups, while Lee and Kim (2022) show that carbon taxation can affect household welfare differently depending on income and consumption behavior. These domestic studies suggest that the concerns identified in the international literature regarding regressivity and household vulnerability are directly applicable to Korean climate-policy design as well. However, existing Korean studies have not fully resolved the need for long-term household-level evidence that tracks whether energy tax burdens persist over time after accounting for household-specific heterogeneity. This limitation is important because the regressivity of energy taxation may not be merely a temporary or cross-sectional pattern, but a structural feature that repeatedly affects vulnerable households across years.

      

      
        2.3. Public transfers, energy-affordability measures, and compensation mechanisms
        One of the most widely discussed responses to the regressive burden of energy taxation is to combine carbon pricing or energy taxation with dedicated compensatory measures. These may include lump-sum rebates, targeted transfers, or reductions in other taxes financed from carbon- or energy-tax revenue (Carattini et al., 2018; Klenert et al., 2018). Energy vouchers, utility tariff discounts, and household energy-efficiency investment can also reduce energy-affordability problems, but they are conceptually distinct from revenue recycling unless they are explicitly financed by or linked to the relevant tax revenue. Separating these instruments is important because their objectives, eligibility rules, and links to the tax burden differ.

        In this context, revenue recycling has emerged as a particularly important concept. When the revenue generated by energy taxation is returned to households through progressive transfers or targeted compensation, the overall policy package may become less regressive or even progressive. In a UK modeling framework, Burke et al. (2020) show that structured revenue recycling can substantially shield lower-income households from the price effects of carbon policy, while Cronin et al. (2019) demonstrate that well-designed carbon tax rebates can address both vertical and horizontal inequalities. Williams et al. (2015) further show that the initial incidence of a carbon tax may differ considerably from its final incidence once the use of revenue is taken into account, implying that the fairness of climate taxation cannot be judged independently of the broader fiscal arrangement in which it is embedded.

        However, dedicated compensation does not automatically guarantee political support. If tax revenue is absorbed into general fiscal use without transparent or visible redistribution, households may perceive the policy as an additional economic burden rather than as a legitimate climate instrument. It is also important not to infer the effect of a dedicated compensation scheme from receipt of general public transfers, because broad transfers may be awarded for age, disability, livelihood, or temporary hardship rather than energy-tax exposure. Mildenberger et al. (2022) find that carbon tax rebate programs may have only limited effects on public support when they are fragmented, poorly communicated, or misaligned with households’ actual experiences of energy burden. This suggests that compensation mechanisms must be economically progressive, administratively visible, and clearly connected to the burden they are intended to address.

        In Korea, current measures addressing household energy vulnerability include the Energy Voucher Program, electricity welfare discounts, gas tariff reductions for socially vulnerable customers, and the Low-Income Household Energy-Efficiency Improvement Program (Korea Electric Power Corporation, 2026; Korea Energy Agency, 2026; Korea Energy Foundation, 2026; Korea Gas Corporation, 2026). These measures lower energy bills or improve household energy efficiency, but they are not generally designed as explicit recycling of energy-related tax revenues. Accordingly, this study distinguishes three concepts: general public transfers observed in the panel survey; energy-affordability or energy-welfare measures targeted at energy costs; and dedicated energy-tax compensation explicitly linked to energy taxation or carbon-pricing revenues. The empirical indicator used below captures only the first category and cannot identify participation in any individual energy-support program.

        Although existing studies have provided important insights into the distributional implications of carbon pricing and energy taxation, much of the evidence relies on simulation models, expenditure surveys, or aggregate cross-sectional data. These approaches are useful for identifying potential patterns of regressivity, but they are less able to show how fiscal burdens evolve within the same households over time. Carattini et al. (2018) argue that overcoming public resistance to carbon taxation requires empirically grounded evidence on how fiscal burdens are experienced in real-world settings, rather than relying only on stylized simulations. This point is particularly relevant for Korea, where existing studies have documented unequal household effects of energy and carbon-related taxation, but have paid less attention to the dynamic incidence of household energy taxation and whether general public transfer receipt is associated with those burdens.

        This study addresses this limitation by using long-term Korean household panel data spanning 2008 to 2024. By examining whether the household energy tax burden is regressive on average, whether that burden persists after controlling for household-specific heterogeneity, whether the income gap varies across the burden distribution, and whether general public transfer receipt is associated with a different burden gradient, the study connects tax-incidence analysis with broader debates on climate-policy fairness and acceptability. The analysis does not evaluate any specific Korean energy-welfare or energy-tax compensation program; rather, it assesses whether broad transfer receipt is associated with differential relative burdens across income groups.

      

    

    

  
    
      3. Data and Methods
      
        3.1. Data source and analytical sample
        This study uses household-level panel data from the National Survey of Tax and Benefit for the period 2008–2024. The survey provides detailed information on household income, consumption expenditure, taxes, public transfers, and demographic characteristics. Because the same households are followed across survey waves, the data make it possible to examine changes in household tax burden over time while accounting for persistent household-specific characteristics that are not directly observed.

        The unit of analysis is the household-year. The analytical sample is constructed using observations with the information required to measure household income, energy-related consumption, the estimated energy tax burden, general public transfer receipt, and the variables included in the empirical analysis. The final sample consists of 254,328 household-year observations.

        The panel structure is central to the empirical design. It allows the analysis to distinguish cross-sectional differences across income groups from within-household changes over time, and it provides the basis for applying household fixed-effects models in the subsequent analysis.

      

      
        3.2. Construction of the household energy tax burden
        The dependent variable is the household energy tax burden, defined as estimated household energy-related tax payments divided by annual household income. It captures the relative burden of energy taxation rather than the absolute tax amount, which is important because the same estimated payment can represent markedly different burdens across income groups.

        Estimated household energy-related tax payments were constructed from six annual expenditure categories recorded in the National Survey of Tax and Benefit: electricity, city gas, liquefied petroleum gas (LPG), petroleum products and briquettes, district heating, and water supply. The category-specific indirect tax rates applied were 15%, 17%, 25%, 30%, 10%, and 5%, respectively. These rates reflect relevant indirect taxes, including value-added tax, the Individual Consumption Tax, the Transportation-Energy-Environment Tax, and the Education Tax where applicable, and were established with reference to relevant Korean legislation and Ministry of Economy and Finance materials.

        For each survey year, the category-specific rate was applied to the household’s corresponding annual expenditure, and the estimated amounts were aggregated at the household-year level. The aggregate estimated payment was then divided by annual household income to obtain the household energy tax burden. Appendix Table A1 reports the expenditure categories and applied indirect tax rates used in the estimation.

        Formally, the estimated energy-related tax payment and the household energy tax burden are defined as follows:
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        where Tit denotes the estimated energy-related tax payment of household i in year t. Ekit denotes household expenditure on energy-related item k, and τkt is the corresponding tax rate or tax burden component applied to item k in year t. Yit denotes household income, and Bit is the household energy tax burden. A higher value of Bit indicates that energy-related taxes account for a larger share of household income.

        This expenditure-based construction follows the logic of household tax-incidence analysis by assigning embedded indirect taxes according to observed energy and utility expenditures. The resulting measure should be interpreted as an estimate of the indirect tax burden embedded in household expenditures rather than an administrative record of taxes actually paid by each household. Because the same procedure is applied consistently across households and survey years, it provides a comparable measure for examining relative distributional differences across income groups.

        Because the payment measure is reconstructed from broad annual expenditure categories using standardized category-specific rates, it does not reproduce household-specific effective tax payments. In particular, the data do not separately identify physical energy consumption, unit prices, the degree of tax pass-through, or temporal and local variation in effective tax incidence. Although observed expenditures incorporate households’ realized spending and therefore partly reflect market-price differences, the respective contributions of consumption quantity, price, and tax components cannot be disentangled. These limitations may affect the estimated magnitude of the income-decile gap, including the approximately 7.0-fold ratio, although they do not imply a predetermined direction of bias. The reported figures should therefore be interpreted as standardized estimates of relative incidence rather than as ratios of observed administrative tax liabilities. Descriptive statistics for estimated annual energy-related tax payments by income decile are reported in Appendix Table A4.

      

      
        3.3. Income groups, general public transfers, and control variables
        Households are classified into income deciles based on annual household income in each survey year. The first decile represents the lowest-income group, while the tenth decile represents the highest-income group. Constructing income deciles within each survey year accounts for changes in the overall income distribution over time and allows the analysis to compare households according to their relative income position in each year.

        In the empirical analysis, the first income decile is used as the reference category. Accordingly, the coefficients for higher income deciles measure the difference in the energy tax burden between each income group and the lowest-income group. Negative coefficients for higher income deciles indicate that those households bear a lower energy tax burden than households in the first income decile, which is consistent with a regressive burden structure.

        General public transfer receipt is a binary indicator equal to one when any of six harmonized survey items records the receipt of central- or local-government cash or in-kind support during the survey year, and zero otherwise. The underlying items cover support targeted to persons aged 65 or older, other government cash transfers, livelihood- and welfare-related assistance, temporary or emergency relief, and other public cash or in-kind benefits. Because the wording and program coverage of the component items vary across survey waves, the indicator captures broad public-transfer receipt rather than participation in a single program. It should not be interpreted as receipt of the Energy Voucher Program, a utility tariff discount, a dedicated energy-tax rebate, or another climate-policy compensation measure. Appendix Table A3 reports the general public transfer receipt rate by income decile.

        The baseline panel models reported in Table 3 include income-decile indicators and survey-wave effects. To assess whether the estimated income gradient is sensitive to observed household characteristics, additional specifications include household size, a household-head age proxy, and regional indicators; these controlled robustness results are reported in Appendix Table A2. Household size captures differences in energy demand associated with household composition, while the household-head age proxy reflects life-cycle differences in consumption patterns. Regional indicators capture spatial differences in energy use, climate conditions, infrastructure, and local economic environments. Survey-wave effects capture common shocks, including changes in energy prices, macroeconomic conditions, tax structures, and other policy-related factors that may affect household energy expenditures.

        
          Table 1. 
				
          

          
            Variable definitions
          
          

        

        
          
            
              	Variable
              	Definition
            

          
          
            	Household energy tax burden (Bit)
            	Estimated household energy-related tax payment divided by household income
          

          
            	Estimated energy tax payment (Tit)
            	Sum of annual expenditures on six energy and utility categories multiplied by the corresponding category-specific indirect tax rates
          

          
            	Income decile (Dqit)
            	Household income group from the 1st to 10th decile, constructed by survey year
          

          
            	General public transfer receipt (Git)
            	Indicator equal to one if any of six harmonized survey items records receipt of broad central- or local-government cash or in-kind transfers during the survey year; it does not identify a specific energy-support or tax-compensation program
          

          
            	Additional household controls (X'it)
            	Household size, a household-head age proxy, and regional indicators; included in the controlled robustness specifications reported in Appendix Table A2
          

          
            	Year effects (γt)
            	Indicator variables for survey years 2008–2024, corresponding to survey waves 1-17
          

        

        

      

      
        3.4. Empirical strategy
        The empirical strategy proceeds in three steps. First, baseline panel models are estimated to examine whether the household energy tax burden differs systematically across income groups. In this step, pooled OLS, fixed-effects, and random-effects specifications are compared, with the fixed-effects model serving as the main specification. A separate controlled specification that adds household size, a household-head age proxy, and regional indicators is estimated as a robustness check and reported in Appendix Table A2. Second, the baseline model is extended by introducing interaction terms between income deciles and general public transfer receipt to assess whether the income gradient differs between recipient and non-recipient observations. This interaction is interpreted as a conditional association, not as an evaluation of a specific transfer or energy-support program. Third, conditional quantile regression is applied to examine whether the income gap in the energy tax burden differs across the conditional distribution of the burden.

        
          3.4.1. Baseline panel specification and model comparison
          The baseline analysis estimates the relationship between household income group and the household energy tax burden. The pooled specification is written as follows:
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          In Equation (3), Bit denotes the energy tax burden of household i in year t. Dqit is an indicator equal to one if household i belongs to income decile q in year t, and zero otherwise. The first income decile is omitted as the reference group. Xit is a vector of household-level control variables, γt denotes year effects, and ϵit is the error term. The baseline estimates reported in Table 3 include the income-decile indicators and survey-wave effects but do not include Xit. The additional controlled specifications reported in Appendix Table A2 include household size, a household-head age proxy, and regional indicators in Xit. The coefficient βq measures the difference in the energy tax burden between income decile and the first income decile, conditional on the variables included in the relevant specification.

          Because household panel data contain repeated observations for the same households, the baseline specification is extended to a household fixed-effects model:
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          In Equation (4), αi represents household fixed effects. By including αi, the model controls for unobserved household-specific characteristics that are constant over time but may be correlated with both income status and energy consumption patterns. These characteristics may include persistent housing conditions, long-term consumption habits, residential energy needs, and other household attributes that are not fully observed in the survey. The fixed-effects model therefore identifies the association between income-decile status and the energy tax burden using within-household variation over time, while year effects γt absorb common annual shocks such as energy price movements, macroeconomic conditions, and tax-policy changes.

          Household fixed effects remove time-invariant unobserved heterogeneity but do not eliminate confounding from household- or locality-specific factors that change over time. Changes in employment, health, household composition, housing conditions, or local weather may simultaneously affect household income position and energy demand. Survey-wave effects absorb shocks common to all households in a given year, but they do not fully account for localized or household-specific time-varying shocks. The estimated coefficients are therefore interpreted as within-household conditional associations rather than as causal effects of income mobility on energy-tax incidence.

          The empirical analysis reports pooled OLS, fixed-effects, and random-effects estimates for comparison. Pooled OLS provides a benchmark estimate without explicitly controlling for unobserved household heterogeneity. The random-effects model allows for household-specific effects but assumes that these effects are uncorrelated with the explanatory variables. The fixed-effects model is used as the main specification because it allows unobserved household-specific effects to be correlated with income status and energy consumption patterns. The Hausman test is used to compare the fixed-effects and random-effects specifications. The interpretation of the income gradient in the energy tax burden focuses primarily on the fixed-effects estimates, while the pooled OLS and random-effects estimates are used to assess the consistency of the results across alternative specifications. Additional specifications including household size, a household-head age proxy, regional indicators, and survey-wave effects are reported in Appendix Table A2. The appendix table presents the full coefficient estimates for these controlled specifications.

          A negative coefficient βq indicates that households in income decile q bear a lower energy tax burden than households in the lowest-income group. If the magnitude of the negative coefficients increases as income deciles rise, the result indicates that the relative energy tax burden declines along the income distribution, which is consistent with the regressivity of energy taxation.

        

        
          3.4.2. Association with general public transfer receipt
          The second step examines whether the relationship between income group and the household energy tax burden differs by general public transfer receipt. To estimate this association, the fixed-effects specification is extended by including the transfer-receipt indicator and its interaction with income-decile indicators:
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          In Equation (5), Git is an indicator equal to one if household i received a general public transfer in year t. The coefficient δ captures the association between general public transfer receipt and the energy tax burden for the reference group, namely households in the first income decile. The interaction coefficient θq indicates whether the association between general public transfer receipt and the energy tax burden differs for income decile q relative to the first income decile.

          The coefficient βq represents the income-decile difference among households that did not receive a general public transfer. For households that received a general public transfer, the corresponding income-decile difference is given by βq+θq. This combined effect is reported to assess whether the income-decile burden gap differs by general public transfer receipt. A negative interaction coefficient indicates that the income-decile difference is more negative among transfer recipients than among non-recipients, whereas a positive interaction coefficient indicates that the negative income-decile difference is narrower among transfer recipients. The interaction model therefore connects the empirical analysis of tax regressivity with the policy question of heterogeneity by broad transfer receipt; it does not estimate the effect of a dedicated energy-support or tax-compensation program.

          Because the indicator refers to broad general public transfer receipt, the estimated interaction effects are interpreted as conditional associations rather than causal effects. They do not evaluate the Energy Voucher Program, electricity or gas tariff discounts, or a dedicated energy-tax rebate or carbon-pricing compensation program.

        

        
          3.4.3. Conditional quantile regression
          The fixed-effects model estimates the mean association between income deciles and the energy tax burden. However, the regressivity of energy taxation may differ across the distribution of the tax burden. In particular, the gap between low- and high-income households may be larger among households facing relatively high energy tax burdens. To examine this distributional heterogeneity, conditional quantile regression is estimated at the 0.25, 0.50, and 0.75 quantiles.
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          In Equation (6), Qτ(Bit | Zit) denotes the τ-th conditional quantile of the household energy tax burden. Zit includes income-decile indicators and the relevant household-level control variables. The coefficient βqτ measures the difference in the conditional quantile of the energy tax burden between income decile q and the first income decile at quantile τ. By comparing βqτ across the 0.25, 0.50, and 0.75 quantiles, the analysis evaluates whether the income gradient in the energy tax burden becomes stronger among households located at higher points of the burden distribution.

          This quantile-based approach complements the panel regression analysis by moving beyond the average effect. It is particularly useful because the energy tax burden is unevenly distributed across households and may be more concentrated among households with specific income and consumption characteristics. The quantile regression results therefore provide additional evidence on whether the regressive pattern is limited to the mean relationship or persists across different parts of the conditional distribution.

        

      

    

    

  
    
      4. Results
      
        4.1. Regressive distribution of the household energy tax burden
        Table 2 reports the descriptive distribution of the household energy tax burden by income decile. The mean burden is 0.0014 for the 1st income decile and 0.0002 for the 10th income decile. This pattern is consistent with a regressive burden structure, because the estimated energy tax payment accounts for a larger share of income among lower-income households. The decline across income deciles is also broadly monotonic, suggesting that the pattern is not limited to a single group comparison.

        
          Table 2. 
				
          

          
            Descriptive statistics of the energy tax burden by income decile
          
          

        

        
          
            
              	Income decile
              	Mean
              	Standard deviation
            

          
          
            	1st decile
            	0.0014
            	0.0009
          

          
            	2nd decile
            	0.0012
            	0.0008
          

          
            	3rd decile
            	0.0008
            	0.0006
          

          
            	4th decile
            	0.0007
            	0.0004
          

          
            	5th decile
            	0.0005
            	0.0004
          

          
            	6th decile
            	0.0005
            	0.0003
          

          
            	7th decile
            	0.0004
            	0.0003
          

          
            	8th decile
            	0.0004
            	0.0002
          

          
            	9th decile
            	0.0003
            	0.0002
          

          
            	10th decile
            	0.0002
            	0.0002
          

          
            	Total
            	0.0006
            	0.0006
          

        

        
          
            Notes: The energy tax burden is measured as the estimated household energy-related tax payment divided by household income. Income deciles are constructed based on annual household income, with the 1st decile representing the lowest-income group and the 10th decile representing the highest-income group. All numerical values are rounded to four decimal places. The reported values are standardized expenditure-based estimates and should not be interpreted as household-specific administrative tax liabilities.
          

        

        

        Appendix Table A4 shows that the mean estimated annual energy-related tax payment rises from KRW 212,088 in the 1st income decile to KRW 349,272 in the 10th decile. Thus, higher-income households generally incur larger estimated annual payments in absolute terms, while lower-income households face a higher burden relative to income. The regressive pattern documented in Table 2 therefore concerns the payment-to-income ratio rather than larger absolute estimated payments among lower-income households.

        Fig. 1 presents the distribution of the energy tax burden across income groups. The box plots show that lower-income households tend to have higher burden levels and wider dispersion than higher-income households. This descriptive evidence is consistent with the argument developed in Sections 1 and 2 that energy taxation may raise distributional concerns when energy-related expenditures represent a relatively large share of income. At this stage, however, the figure should be interpreted as descriptive evidence rather than as causal evidence.

        
          
          

          Fig. 1. 
				
          

          
            Distribution of the energy tax burden by income decile
            Note: The figure presents the distribution of the household energy tax burden across income deciles. The energy tax burden is measured as the estimated energy-related tax payment divided by household income.

          
          

          

        

        From a climate policy perspective, the descriptive results indicate that the distribution of household burdens should be examined alongside aggregate environmental or fiscal indicators. Energy taxation may work as a price-based climate policy instrument, but its incidence across income groups is relevant for assessing policy fairness and acceptability.

      

      
        4.2. Declining average burden and persistent distributional differences
        Fig. 2 shows a downward trend in the average household energy tax burden over the sample period. This aggregate decline may reflect changes in household income, energy consumption, energy prices, tax components, or broader economic conditions. Because the dependent variable is expressed as a share of household income, changes in both the numerator and the denominator can affect the observed trend.

        
          
          

          Fig. 2. 
				
          

          
            Trend in the average household energy tax burden, 2008–2024
            Note: The figure reports the annual average of the household energy tax burden over the sample period. The energy tax burden is calculated as estimated energy-related tax payments divided by household income.

          
          

          

        

        The decline in the average burden does not remove the cross-income pattern shown in Table 2. Lower-income households still record higher relative burdens than higher-income households. This distinction is important for the empirical strategy in Section 4: aggregate trends are controlled through year effects, while the income-decile coefficients identify differences in the burden across relative income positions after accounting for common annual shocks.

        Appendix Fig. A1 presents the corresponding trends for the 1st, 2nd, and 5th income deciles. All three groups show a broad decline over the sample period, while their relative ordering remains stable, with the 1st decile recording the highest average burden, followed by the 2nd and 5th deciles. These persistent differences indicate that the aggregate decline shown in Fig. 2 did not eliminate the relative burden gaps across the selected income groups.

      

      
        4.3. Income gradient in the panel regression results
        Table 3 reports the pooled OLS, fixed-effects, and random-effects estimates from the baseline specification. In all three models, the coefficients for the higher income deciles are negative and statistically significant. Since the 1st income decile is the reference group, these coefficients indicate that households in higher income groups have lower energy tax burdens than households in the lowest income group after accounting for survey-wave effects. Additional controlled specifications are reported in Appendix Table A2.

        
          Table 3. 
				
          

          
            Panel regression results for energy tax burden per 10,000 KRW of income
          
          

        

        
          
            
              	Income decile
              	Pooled OLS
              	Fixed effects
              	Random effects
            

          
          
            	2nd decile
            	-3.5730***
            	-3.5090***
            	-3.4830***
          

          
            	
            	(0.1240)
            	(0.1170)
            	(0.1070)
          

          
            	3rd decile
            	-7.1460***
            	-7.0420***
            	-6.9790***
          

          
            	
            	(0.1180)
            	(0.1250)
            	(0.1110)
          

          
            	4th decile
            	-8.9810***
            	-8.9690***
            	-8.8310***
          

          
            	
            	(0.1150)
            	(0.1270)
            	(0.1100)
          

          
            	5th decile
            	-10.0170***
            	-10.0350***
            	-9.8590***
          

          
            	
            	(0.1140)
            	(0.1280)
            	(0.1100)
          

          
            	6th decile
            	-10.7430***
            	-10.9040***
            	-10.6740***
          

          
            	
            	(0.1140)
            	(0.1300)
            	(0.1110)
          

          
            	7th decile
            	-11.4030***
            	-11.5810***
            	-11.3290***
          

          
            	
            	(0.1130)
            	(0.1300)
            	(0.1110)
          

          
            	8th decile
            	-11.9740***
            	-12.1150***
            	-11.8470***
          

          
            	
            	(0.1130)
            	(0.1310)
            	(0.1110)
          

          
            	9th decile
            	-12.6050***
            	-12.6650***
            	-12.3860***
          

          
            	
            	(0.1130)
            	(0.1320)
            	(0.1110)
          

          
            	10th decile
            	-13.2780***
            	-13.2990***
            	-13.0340***
          

          
            	
            	(0.1130)
            	(0.1340)
            	(0.1130)
          

        

        
          
            Notes: The dependent variable is the household energy tax burden, rescaled by multiplying the original burden ratio by 10,000. Coefficients can therefore be interpreted as differences in estimated energy-related tax payments per KRW 10,000 of household income. Household-clustered robust standard errors are reported in parentheses. These standard errors are robust to heteroskedasticity and arbitrary within-household correlation over time. The 1st income decile is the reference group. Survey-wave effects are included in all specifications. These baseline specifications do not include observed household or regional controls. Complete estimation results from additional specifications including household size, a household-head age proxy, regional indicators, and survey-wave effects are reported in Appendix Table A2. The Hausman test supports the fixed-effects specification, χ²(25) = 297.71, p < 0.001. All numerical values are rounded to four decimal places. * p < 0.10, ** p < 0.05, *** p < 0.01.
          

        

        

        The fixed-effects estimates are used as the main specification because they control for unobserved, time-invariant household characteristics. After rescaling the dependent variable in Table 3, the coefficient for the 2nd decile is -3.5090, while the coefficient for the 10th decile is -13.2990. These estimates indicate that higher-income households bear a lower energy tax burden per 10,000 KRW of household income than households in the lowest income decile. The estimates therefore support a systematic income gradient in the household energy tax burden. This finding is consistent with the descriptive evidence, but it is stronger in the sense that it remains after controlling for household fixed effects and survey-wave effects.

        The controlled robustness estimates in Appendix Table A2 show that the negative and generally monotonic income gradient remains after adding household size, a household-head age proxy, and regional indicators. In the fixed-effects specification, the coefficient is -3.5619 for the 2nd decile and -13.9212 for the 10th decile, and both are statistically significant at the 1% level. The random-effects estimates in this controlled specification also lie between the pooled OLS and fixed-effects estimates across the income deciles. Thus, the substantive conclusion that relative energy tax burdens decline as income rises is robust to the inclusion of these observed household and regional characteristics.

        The similarity of the coefficient signs across pooled OLS, fixed-effects, and random-effects models indicates that the negative income gradient is not driven by a single model choice. At the same time, the fixed-effects estimates should be interpreted as within-household associations rather than as evidence of a fully causal effect of income mobility on the energy tax burden. The estimates show that, conditional on the empirical specification, households in higher income deciles face lower relative energy tax burdens than households in the lowest decile.

      

      
        4.4. Association between general public transfer receipt and the energy tax burden
        Table 4 examines whether income-decile differences in the household energy tax burden vary by the general public transfer indicator defined in Section 3.3. Because the indicator combines multiple broad transfer categories, the estimates are interpreted as conditional associations with general public transfer receipt rather than as the direct effect of a dedicated energy-tax rebate, revenue-recycling scheme, or specific Korean energy-welfare program.

        
          Table 4. 
				
          

          
            Association between general public transfer receipt and energy tax burden per 10,000 KRW of income
          
          

        

        
          
            
              	Income decile
              	Income decile effect
              	Interaction with general public transfer receipt
              	Combined effect among general public transfer recipients
            

          
          
            	2nd decile
            	-3.3430***
            	-0.5400***
            	-3.8830
          

          
            	
            	(0.1330)
            	(0.1860)
            	
          

          
            	3rd decile
            	-6.9860***
            	-0.1250
            	-7.1110
          

          
            	
            	(0.1420)
            	(0.1790)
            	
          

          
            	4th decile
            	-8.8990***
            	-0.1520
            	-9.0510
          

          
            	
            	(0.1420)
            	(0.1740)
            	
          

          
            	5th decile
            	-10.0530***
            	0.1440
            	-9.9090
          

          
            	
            	(0.1430)
            	(0.1720)
            	
          

          
            	6th decile
            	-10.9890***
            	0.3620***
            	-10.6270
          

          
            	
            	(0.1440)
            	(0.1710)
            	
          

          
            	7th decile
            	-11.6890***
            	0.4390***
            	-11.2500
          

          
            	
            	(0.1450)
            	(0.1700)
            	
          

          
            	8th decile
            	-12.2610***
            	0.5800***
            	-11.6810
          

          
            	
            	(0.1450)
            	(0.1700)
            	
          

          
            	9th decile
            	-12.8020***
            	0.5510***
            	-12.2510
          

          
            	
            	(0.1450)
            	(0.1680)
            	
          

          
            	10th decile
            	-13.4820***
            	0.6930***
            	-12.7890
          

          
            	
            	(0.1490)
            	(0.1700)
            	
          

        

        
          
            Notes: The dependent variable is the household energy tax burden rescaled by multiplying the original burden ratio by 10,000. Coefficients can therefore be interpreted as differences in estimated energy-related tax payments per KRW 10,000 of household income. The 1st income decile is the reference group. The income decile effect represents the difference relative to the 1st decile among observations without general public transfer receipt. The interaction term captures the additional difference associated with general public transfer receipt for each income decile. The combined effect is calculated as the sum of the income decile effect and the interaction effect and represents the income-decile difference among general public transfer recipients. The estimates are conditional associations and do not identify the effect of any specific energy-support or tax-compensation program. Household-clustered robust standard errors are reported in parentheses. All numerical values are rounded to four decimal places. * p < 0.10, ** p < 0.05, *** p < 0.01.
          

        

        

        Appendix Table A3 shows that 31.3% of the panel observations received at least one form of general public transfer. Receipt rates range from 25.8% in the 10th income decile to 35.0% in the 6th decile and are not strictly monotonic across the income distribution. This pattern reflects the broad construction of the indicator, which combines support linked to age, household circumstances, temporary shocks, and economic need rather than a single income-tested energy-compensation program. The interaction estimates should therefore be interpreted in light of this heterogeneous recipient composition.

        The interaction term is negative and statistically significant for the 2nd decile. Because the income-decile effect is already negative, the additional negative interaction indicates that the difference between the 2nd and 1st income deciles is more negative among general public transfer recipients than among non-recipients. The interaction terms for the 3rd and 4th deciles are also negative but are not statistically significant, while the positive interaction for the 5th decile is likewise not statistically significant. From the 6th decile onward, the interaction terms are positive and statistically significant, indicating that the negative income-decile differences are modestly narrower among general public transfer recipients than among non-recipients. The calculated combined differences remain negative across all income deciles, indicating that the underlying income gradient persists among observations receiving general public transfers.

        These results do not show a uniform moderating association between general public transfer receipt and the income gradient. Among transfer recipients, the difference between the 2nd and 1st income deciles is wider than among non-recipients, whereas the differences for the 3rd–5th deciles are not statistically distinguishable across transfer-receipt status. For the 6th–10th deciles, the negative income-decile differences are modestly narrower among transfer recipients. Overall, the association varies across income groups, while the underlying income gradient remains present. Because the combined difference is the sum of the income-decile effect and the interaction term, it represents the remaining income-decile difference among transfer recipients rather than the absolute burden level or the causal effect of receiving support. These estimates do not imply that Korea’s Energy Voucher Program, utility tariff reductions, or other specific energy-welfare measures are ineffective. Evaluating those programs would require program-specific information on eligibility, participation, benefit amounts, and the timing of receipt.

      

      
        4.5. Distributional heterogeneity across the tax burden distribution
        Table 5 reports conditional quantile regression estimates for the 10th income decile at 0.25, 0.50, and 0.75 quantiles. As in Tables 3 and 4, the dependent variable is rescaled by multiplying the original household energy tax burden ratio by 10,000. The coefficient is negative and statistically significant at all three quantiles. The estimated coefficient is -8.0580 at the 0.25 quantile, -10.9300 at the median, and -15.3960 at the 0.75 quantile. This pattern suggests that the difference between the 10th and 1st income deciles is larger at higher points of the conditional distribution of the energy tax burden.

        
          Table 5. 
				
          

          
            Conditional quantile regression results for energy tax burden per 10,000 KRW of income
          
          

        

        
          
            
              	Quantile
              	Coefficient for the 10th income decile
              	Standard error
            

          
          
            	0.25
            	-8.0580***
            	0.0680
          

          
            	0.50
            	-10.9300***
            	0.1020
          

          
            	0.75
            	-15.3960***
            	0.1200
          

        

        
          
            Notes: The table reports conditional quantile regression estimates for the 10th income decile. The dependent variable is the household energy tax burden rescaled by multiplying the original burden ratio by 10,000. The coefficient represents the difference in the energy tax burden between the 10th and 1st income deciles at each conditional quantile. Coefficients can therefore be interpreted as differences in estimated energy-related tax payments per KRW 10,000 of household income. Standard errors are reported in the last column. All numerical values are rounded to four decimal places. * p < 0.10, ** p < 0.05, *** p < 0.01.
          

        

        

        Fig. 3 provides a visual summary of the quantile regression results. The estimated coefficients become more negative as income deciles rise, and the slope is steeper at the upper quantile. This suggests that the regressive pattern is not confined to the mean relationship. It is also observed across the conditional distribution and appears more pronounced among households with higher relative energy tax burdens. The result should be understood as evidence of distributional heterogeneity rather than as a direct test of the mechanisms behind high burden levels.

        
          
          

          Fig. 3. 
				
          

          
            Quantile regression coefficients by income decile
            Note: The figure plots the estimated coefficients across income deciles at the 0.25, 0.50, and 0.75 quantiles. The dependent variable is the household energy tax burden rescaled by multiplying the original burden ratio by 10,000. The 1st income decile is the reference group.

          
          

          

        

      

      
        4.6. Discussion of the main findings and policy relevance
        Because household income is both the denominator of the burden measure and the basis for assigning income deciles, a negative association between income position and the burden ratio is partly expected by construction. This feature means that the contribution of the analysis cannot rest on the sign of the income gradient alone. The empirical contribution lies in documenting how large the gradient is, whether it reflects only comparisons between unlike households, whether it remains after controlling for time-invariant household heterogeneity and common annual shocks, and whether it varies across the burden distribution. The fixed-effects estimates remain associational and do not remove the arithmetic role of income in the denominator.

        Appendix Table A4 shows that the mean estimated annual energy-related tax payment rises from KRW 212,088 in the 1st income decile to KRW 349,272 in the 10th decile. Higher-income households therefore make larger estimated annual payments in absolute terms. Nevertheless, Table 2 shows that the payment-to-income ratio falls from 0.0014 in the 1st decile to 0.0002 in the 10th decile. Taken together, these results indicate that absolute estimated annual payments are higher among higher-income households, whereas the relative burden is substantially higher among lower-income households. The regressivity documented here does not arise because lower-income households make larger absolute payments; rather, estimated annual payments increase much less than proportionately with household income across the income distribution.

        Tables 2 and 3 also distinguish the descriptive pattern from a persistent panel association. Using the rounded means in Table 2, the difference between the 1st and 10th deciles is approximately 12 units per 10,000 of household income. The corresponding 10th-decile coefficients in Table 3 are -13.2780 in pooled OLS and -13.2990 in the household fixed-effects model. Although the descriptive and regression figures are not exactly identical because of rounding and the inclusion of survey-wave effects, their similar magnitude shows that controlling for time-invariant household characteristics and common annual shocks does not explain away the income gradient. In other words, within the same households over time, movement to a higher relative income position is associated with a lower relative energy tax burden. Appendix Table A2 further shows that this conclusion remains when household size, the household-head age proxy, and regional indicators are added.

        The conditional quantile results provide an additional contribution beyond the mean comparison. The estimated difference between the 10th and 1st deciles increases in magnitude from -8.0580 at the 0.25 quantile to -10.9300 at the median and -15.3960 at the 0.75 quantile. The regressive income gradient is therefore stronger among households located at higher points of the burden distribution. This finding indicates that income alone does not fully identify energy vulnerability: households with similar income positions may face different burdens because of housing efficiency, heating and cooling needs, transportation dependence, household composition, or access to substitutes. The result provides an empirical basis for considering actual relative energy burden as a supplementary targeting criterion alongside income.

        The findings for general public transfers have a more limited policy interpretation. Table 4 and Appendix Table A3 show that the indicator covers heterogeneous transfers and that receipt is not monotonically concentrated in the lowest income deciles. The interaction results do not reveal a uniform moderating pattern. Among general public transfer recipients, the difference between the 2nd and 1st income deciles is wider than among non-recipients, the differences for the 3rd–5th deciles are not statistically distinguishable by transfer-receipt status, and the negative differences for the 6th–10th deciles are modestly narrower. The underlying income gradient nevertheless remains present among transfer recipients. As discussed in Section 2.3, broad public transfers are distinct from Korea’s existing energy-affordability measures and from dedicated energy-tax compensation financed through revenue recycling. The heterogeneous interaction pattern therefore reinforces the need to distinguish general public transfers from compensation instruments specifically designed around energy-tax exposure. The results support two cautious design principles: protection should be sensitive to household income, and it may be improved by considering actual energy burden. They do not establish that any existing Korean energy-support program is ineffective, nor do they identify the optimal form or amount of compensation; those questions require program-specific data.

      

      
        4.7. Limitations and scope for future research
        First, the estimated energy-related tax payment is a standardized expenditure-based measure rather than an administrative record of household-specific tax liabilities. Broad expenditure categories and standardized rates do not separately identify physical consumption, unit prices, tax pass-through, or local and temporal differences in effective incidence. Accordingly, the reported income-decile gaps should be interpreted as comparative estimates under a common construction rather than as exact differences in observed tax payments.

        Second, the fixed-effects design controls for unobserved household characteristics that remain constant over time, but it cannot remove all time-varying confounding. Household employment, health, composition, housing conditions, and localized weather may change jointly with income position and energy demand. The estimates therefore establish persistent conditional associations and distributional heterogeneity, not a causal mechanism through which income mobility changes energy-tax incidence.

        Finally, the analysis is retrospective and is not designed to forecast household responses to a future explicit carbon tax. The estimates describe the historical incidence of a standardized energy-related tax burden through 2024, but they do not identify energy-demand elasticities, behavioral adaptation, welfare changes, or the effects of alternative revenue-recycling arrangements. Future research could combine administrative tax or utility-billing microdata with program-specific transfer records and dynamic microsimulation or computable general equilibrium models. Such extensions would allow explicit comparison of lump-sum rebates, income-targeted compensation, energy-voucher expansion, and residential efficiency investment under alternative carbon-pricing scenarios.

      

    

    

  
    
      5. Conclusion
      This study examined the distributional implications of energy taxation in Korea using household-level panel data from the National Survey of Tax and Benefit for 2008–2024. Its contribution is not simply to report the expected negative relationship between income and a burden measure that uses income as its denominator. Rather, it shows that the regressive gradient is substantial in magnitude, persists after household fixed effects and survey-wave effects are introduced, becomes stronger at higher points of the burden distribution, and remains present among general public transfer recipients despite heterogeneous differences in the gradient across income groups.

      The comparison of absolute payments and relative burdens is central to this interpretation. Higher-income households make larger estimated energy-related tax payments in absolute terms, but the increase in payments is much smaller than the increase in household income. Consequently, lower-income households devote a substantially larger share of income to the estimated burden. The fixed-effects estimate for the 10th decile is close in magnitude to the descriptive gap between the lowest and highest deciles, indicating that the pattern is not solely attributable to cross-sectional differences between households. The quantile results further show that the gap between low- and high-income households is largest among households already facing relatively high burdens.

      The policy implications follow directly from these results but should be interpreted as design principles rather than as calibrated recommendations. First, the findings provide an empirical rationale for considering household income as a central targeting criterion in the design of future compensation associated with energy taxation or carbon pricing, so that the environmental price signal can be maintained without imposing disproportionate relative burdens on low-income households. Second, the quantile results provide a rationale for examining whether an indicator of actual relative energy burden could supplement income-based eligibility. Korea’s Energy Voucher Program, electricity and gas tariff reductions, and low-income household energy-efficiency support provide existing administrative channels for addressing energy vulnerability, but these energy-affordability measures should not be equated with dedicated recycling of energy-tax revenues. Likewise, the general public transfer indicator used in this study is broader than those programs. Its association with the burden gradient is heterogeneous across income groups and does not show a uniform moderating pattern. This finding cannot be interpreted as evidence that any specific energy-welfare measure is ineffective. The analysis does not calibrate eligibility thresholds, benefit amounts, or fiscal costs.

      Several limitations define the scope of these conclusions. The energy-related tax payment is estimated from household expenditures and standardized indirect tax rates rather than observed in administrative tax records. Because household income is included in the denominator and used to construct income deciles, part of the negative gradient is mechanical, although the comparison with absolute payments, the panel estimates, and the quantile results provides evidence beyond the sign alone. Household fixed effects also do not eliminate time-varying household or local shocks, so the estimates should not be interpreted causally. In addition, the broad transfer indicator does not identify individual programs, benefit amounts, or eligibility rules. Finally, the retrospective analysis through 2024 does not predict behavioral, welfare, or revenue-recycling effects under a future explicit carbon tax. Future research using administrative tax or utility-billing data, program-specific transfer records, and dynamic microsimulation or general equilibrium models would allow more direct evaluation of these policy pathways.
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          Appendix
          

          
            Table A1. 
				
            

            
              Energy expenditure categories and applied indirect tax rates
            
            

          

          
            
              
                	Household expenditure category
                	Applied indirect tax rate
              

            
            
              	Electricity
              	15%
            

            
              	City gas
              	17%
            

            
              	Liquefied petroleum gas (LPG)
              	25%
            

            
              	Petroleum products and briquettes
              	30%
            

            
              	District heating
              	10%
            

            
              	Water supply
              	5%
            

          

          
            
              Note: The category-specific rates reflect applicable indirect taxes, including value-added tax, the Individual Consumption Tax, the Transportation-Energy-Environment Tax, and the Education Tax, where relevant. The rates were established with reference to relevant Korean tax legislation and Ministry of Economy and Finance materials. The same category-specific rates were applied to the corresponding annual household expenditures across the survey years. Water supply was included as a household utility expenditure category in the original variable construction. The resulting estimated amounts were aggregated and divided by annual household income to construct the household energy tax burden.
            

          

          

          

          
            Table A2. 
				
            

            
              Controlled robustness results
            
            

          

          
            
              
                	Variable
                	Pooled OLS
                	Fixed effects
                	Random effects
              

            
            
              	Income decile 2 
              	-3.3898***
(0.1210)
              	-3.5619***
(0.1156)
              	-3.4582***
(0.1047)
            

            
              	Income decile 3 
              	-6.9546***
(0.1243)
              	-7.1559***
(0.1237)
              	-6.9687***
(0.1087)
            

            
              	Income decile 4 
              	-8.7970***
(0.1234)
              	-9.1631***
(0.1258)
              	-8.8851***
(0.1090)
            

            
              	Income decile 5 
              	-9.8702***
(0.1232)
              	-10.2981***
(0.1265)
              	-9.9706***
(0.1093)
            

            
              	Income decile 6 
              	-10.6881***
(0.1234)
              	-11.2313***
(0.1282)
              	-10.8435***
(0.1103)
            

            
              	Income decile 7 
              	-11.3648***
(0.1232)
              	-11.9613***
(0.1287)
              	-11.5439***
(0.1104)
            

            
              	Income decile 8 
              	-11.9403***
(0.1235)
              	-12.5584***
(0.1299)
              	-12.1128***
(0.1110)
            

            
              	Income decile 9 
              	-12.5569***
(0.1235)
              	-13.1915***
(0.1306)
              	-12.7234***
(0.1110)
            

            
              	Income decile 10 
              	-13.2409***
(0.1243)
              	-13.9212***
(0.1336)
              	-13.4474***
(0.1124)
            

            
              	Household size
              	0.5376***
(0.0151)
              	0.5731***
(0.0247)
              	0.5748***
(0.0151)
            

            
              	Household-head age proxy
              	0.0506***
(0.0014)
              	0.0497***
(0.0037)
              	0.0453***
(0.0014)
            

            
              	Region code 21 
              	-0.2062***
(0.0529)
              	-0.1589
(0.2389)
              	-0.1044*
(0.0587)
            

            
              	Region code 22
              	-0.0462
(0.0679)
              	-1.3211***
(0.2960)
              	-0.1069
(0.0700)
            

            
              	Region code 23 
              	-0.1475**
(0.0599)
              	0.2526
(0.1679)
              	-0.1525***
(0.0592)
            

            
              	Region code 24 
              	-0.2913***
(0.0642)
              	0.2137
(0.3122)
              	-0.1243*
(0.0709)
            

            
              	Region code 25 
              	0.6289***
(0.0626)
              	-0.2467
(0.2313)
              	0.5204***
(0.0704)
            

            
              	Region code 26 
              	-0.6251***
(0.0597)
              	-0.3625
(0.2495)
              	-0.4082***
(0.0667)
            

            
              	Region code 31 
              	-0.1651***
(0.0384)
              	0.0254
(0.0815)
              	-0.0896**
(0.0377)
            

            
              	Region code 32 
              	3.0087***
(0.1564)
              	0.6863*
(0.3770)
              	2.8842***
(0.1409)
            

            
              	Region code 33 
              	1.6217***
(0.0952)
              	0.7658***
(0.2319)
              	1.5205***
(0.0912)
            

            
              	Region code 34 
              	2.2642***
(0.1253)
              	1.1566***
(0.2661)
              	2.1935***
(0.1145)
            

            
              	Region code 35 
              	0.4810***
(0.0813)
              	0.4586
(0.3134)
              	0.3792***
(0.0795)
            

            
              	Region code 36 
              	0.7381***
(0.0910)
              	0.0464
(0.3860)
              	0.6778***
(0.0967)
            

            
              	Region code 37 
              	1.0680***
(0.0964)
              	0.1573
(0.2735)
              	0.9667***
(0.0853)
            

            
              	Region code 38 
              	0.4317***
(0.0725)
              	0.1031
(0.2331)
              	0.3460***
(0.0638)
            

            
              	Region code 39 
              	-0.4072
(0.3425)
              	0.7713*
(0.4175)
              	0.5147
(0.3593)
            

            
              	Region code 40 
              	0.7984***
(0.1116)
              	-0.2724
(0.3058)
              	0.5820***
(0.1258)
            

            
              	Survey wave 2 
              	-0.9268***
(0.0629)
              	-0.8996***
(0.0622)
              	-0.9008***
(0.0609)
            

            
              	Survey wave 3 
              	-1.1550***
(0.0616)
              	-1.1456***
(0.0625)
              	-1.1279***
(0.0602)
            

            
              	Survey wave 4 
              	-1.7538***
(0.0651)
              	-1.7382***
(0.0666)
              	-1.7218***
(0.0639)
            

            
              	Survey wave 5 
              	-2.0272***
(0.0662)
              	-2.0174***
(0.0686)
              	-1.9937***
(0.0648)
            

            
              	Survey wave 6 
              	-2.1471***
(0.0669)
              	-2.1482***
(0.0705)
              	-2.1215***
(0.0659)
            

            
              	Survey wave 7 
              	-2.5565***
(0.0664)
              	-2.5604***
(0.0712)
              	-2.5244***
(0.0653)
            

            
              	Survey wave 8 
              	-3.4169***
(0.0644)
              	-3.4071***
(0.0704)
              	-3.3698***
(0.0635)
            

            
              	Survey wave 9 
              	-4.1555***
(0.0631)
              	-4.1551***
(0.0714)
              	-4.1136***
(0.0627)
            

            
              	Survey wave 10
              	-4.5445***
(0.0625)
              	-4.5662***
(0.0716)
              	-4.5144***
(0.0615)
            

            
              	Survey wave 11 
              	-4.5783***
(0.0634)
              	-4.6058***
(0.0742)
              	-4.5480***
(0.0626)
            

            
              	Survey wave 12 
              	-5.0195***
(0.0636)
              	-5.0537***
(0.0757)
              	-4.9891***
(0.0626)
            

            
              	Survey wave 13 
              	-5.2587***
(0.0620)
              	-5.3333***
(0.0784)
              	-5.2261***
(0.0614)
            

            
              	Survey wave 14 
              	-5.2085***
(0.0616)
              	-5.1908***
(0.0788)
              	-5.1512***
(0.0611)
            

            
              	Survey wave 15 
              	-5.3868***
(0.0620)
              	-5.3538***
(0.0804)
              	-5.3135***
(0.0613)
            

            
              	Survey wave 16 
              	-5.2616***
(0.0628)
              	-5.2305***
(0.0826)
              	-5.1847***
(0.0621)
            

            
              	Survey wave 17 
              	-5.2623***
(0.0629)
              	-5.2238***
(0.0846)
              	-5.1756***
(0.0622)
            

            
              	Constant
              	14.3108***
(0.1536)
              	14.9656***
(0.2092)
              	14.5408***
(0.1433)
            

            
              	Observations
              	254,328
              	254,328
              	254,328
            

            
              	Survey-wave effects
              	Yes
              	Yes
              	Yes
            

            
              	Household controls
              	Yes
              	Yes
              	Yes
            

          

          
            
              Notes: The dependent variable is the estimated energy-related tax burden multiplied by 10,000. The specification additionally includes household size, a household-head age proxy, regional indicators, and survey-wave effects. The household-head age proxy is based on the age of member 01 within each household-wave. Region code 11, the first income decile, and the first survey wave are reference categories. Household-clustered robust standard errors, robust to heteroskedasticity and arbitrary within-household correlation over time, are reported in parentheses. * p < 0.10, ** p < 0.05, *** p < 0.01.
            

          

          

          

          
            Table A3. 
				
            

            
              Mean general public transfer receipt indicator by income decile
            
            

          

          
            
              
                	Income decile
                	Mean general public transfer receipt indicator
              

            
            
              	1st decile
              	0.340
            

            
              	2nd decile
              	0.297
            

            
              	3rd decile
              	0.311
            

            
              	4th decile
              	0.330
            

            
              	5th decile
              	0.344
            

            
              	6th decile
              	0.350
            

            
              	7th decile
              	0.335
            

            
              	8th decile
              	0.307
            

            
              	9th decile
              	0.277
            

            
              	10th decile
              	0.258
            

            
              	Total
              	0.313
            

          

          
            
              Note: The general public transfer receipt rate is the mean of a binary indicator equal to one if any of the six broad central- or local-government cash or in-kind transfer items records receipt and zero otherwise. The indicator does not identify participation in a specific energy-support or tax-compensation program. The statistics are based on 254,328 household-year observations.
            

          

          

          

          
            Table A4. 
				
            

            
              Descriptive statistics of estimated energy-related tax payments by income decile
            
            

          

          
            
              
                	Income decile
                	Mean (KRW)
                	Standard deviation (KRW)
                	Median (KRW)
              

            
            
              	1st decile
              	212,088
              	123,492
              	184,800
            

            
              	2nd decile
              	240,408
              	135,936
              	207,600
            

            
              	3rd decile
              	251,676
              	143,544
              	216,000
            

            
              	4th decile
              	258,336
              	149,652
              	225,600
            

            
              	5th decile
              	266,928
              	138,048
              	236,400
            

            
              	6th decile
              	274,488
              	145,128
              	243,000
            

            
              	7th decile
              	281,400
              	153,372
              	248,400
            

            
              	8th decile
              	292,092
              	166,392
              	259,800
            

            
              	9th decile
              	301,728
              	162,732
              	265,200
            

            
              	10th decile
              	349,272
              	217,368
              	295,200
            

            
              	Total
              	277,380
              	160,920
              	242,400
            

          

          
            
              Note: The estimated energy-related tax payment is calculated as the sum of expenditures on electricity, city gas, liquefied petroleum gas (LPG), petroleum products and briquettes, district heating, and water supply multiplied by their corresponding indirect tax rates.
            

          

          

          

          
            
            

            Fig. A1. 
				
            

            
              Trends in the average household energy tax burden for the 1st, 2nd, and 5th income deciles
              Note: The figure reports the annual average household energy tax burden for the 1st, 2nd, and 5th income deciles over the sample period, 2008–2024. The household energy tax burden is measured as estimated annual energy-related tax payments divided by annual household income.
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