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The EU’s extension of emissions trading to buildings and road transport via the second Emissions Trading System (ETS2) marks a critical juncture in climate policy. While carbon pricing is essential for achieving ambitious climate goals, its implementation poses significant social equity challenges. This study fills a gap in the literature by utilizing a Multiregional input-output (MRIO) model to analyze the economic impact of EU ETS2-based carbon pricing on single and childless households. Our findings indicate that these households disproportionately bear the carbon costs burden under EU ETS2, with notable regional variations. Households in economically disadvantaged areas or those with less robust social welfare systems experience more severe financial burdens. Crucially, substantially higher carbon expenditure on residential heating fuels imposes critical pressure, forcing single and childless households to reduce spending on other essentials, such as food, to maintain heating. Furthermore, simulations of carbon revenue rebates demonstrate that average per-household rebates and targeted heating fuel subsidies offer greater protection for vulnerable households. This study highlights the necessity for targeted policies to mitigate the economic pressures on single and childless households associated with carbon pricing’s focus on the transport and building sectors.
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1 INTRODUCTION
The EU’s extension of emissions trading to buildings and road transport through the second Emissions Trading System (ETS2) represents a critical juncture in climate policy. As the cornerstone of the ‘Fit for 55’ package, this policy innovation seeks to address the 40% of EU emissions previously excluded from carbon pricing (Commission, 2023). Carbon pricing, together with other policies such as efficiency standards for buildings, an accelerated deployment of renewable energies and CO2 emission limits for vehicles, will play a major role in emission reductions. However, the transition from theoretical efficiency to practical implementation reveals fundamental tensions between environmental objectives and social equity (Tian et al., 2024a). By placing compliance obligations on fuel suppliers, the upstream design of ETS2 inherently triggers cost pass-through to final consumers. This generates complex distributional consequences that vary across household types, income levels, and geographical regions (Dobrowolski et al., 2025; Haywood and Jakob, 2023).
The global demographic shift toward singleness and childlessness households introduces critical challenges for equitable carbon mitigation. From 2005 to 2020, the proportion of single-person households in the EU-27 increased substantially from 30.0% to 36.0%. This growth established them as the predominant configuration—exceeding couple-based households with dependent children (21.5%, in 2020) (Eurostat, 2025). Carbon pricing is a powerful policy tool for mitigating climate change but also have long been criticized for their regressivity. The impending introduction of ETS2 threatens to exacerbate these inequalities, undermining public support for climate policies (Maestre-Andrés et al., 2019), as seen in France (Tatham and Peters, 2023). The ‘Gilets Jaunes’ protests in France demonstrated that carbon pricing regressivity disproportionately mobilizes low-urban-density households, a structural analog to singles and childless groups in our framework, suggesting ETS2 may face similar equity-driven resistance. Consequently, policymakers must to consider the potential equity impacts of carbon pricing on the distribution among different consumer groups, to reconcile decarbonization goals with the socioeconomic realities of evolving family structures (Pahle, 2023). The rising trend of singles and childlessness highlights the urgency of adapting carbon pricing mechanisms to address the structural disadvantages faced by emerging households, for which research remain underexplored in current literature.
We quantify and compare the impacts of carbon pricing under EU ETS2 on different household types in 28 European countries. This study advances the discourse on carbon pricing equity through three novel dimensions. First, we address a critical oversight in existing literature by centering on single and childless households—demographic groups historically marginalized in distributional analyses dominated by income- or region-based frameworks. While current studies emphasize income-based disparities, none quantitatively assess the disproportionate burden on single and childless households under ETS2’s sector-specific mechanism. Second, leveraging the sectoral specificity of the EU ETS2, we differentiated carbon pricing mechanisms systematically assessing how distinct household types respond to sector-specific price signals in transport and building heating. Using Eurostat household expenditure microdata and input-output models, we simulate sector-specific cost pass-through effects. Third, we conceptualize targeted revenue recycling scenarios—such as green housing subsidies—designed to offset transport and heating costs for single-person households and childless couples. We contrast these with conventional income-based recycling scenarios to evaluate whether such households could be compensated through carbon revenue schemes, thereby bridging climate policy design and evolving demographic realities.
The structure of this paper is as follows: Section 2 reviews the existing literature. Section 3 details the methodology and data. Section 4 presents the analysis of the results. Section 5 shares the conclusions and policy implication for emerging single and childless households toward sustainable lifestyles.
2 LITERATURE REVIEW
As a pivotal policy instrument for climate change mitigation, carbon pricing has gained broad-based recognition for its cost-effectiveness and environmental efficiency (Leroutier, 2022; Zhang et al., 2024; Ohlendorf et al., 2021). There is significant concern that regressive carbon pricing policies may exacerbate inequalities in the allocation of carbon revenues, particularly for vulnerable households, challenging the EU’s commitment to a just transition (Ohlendorf et al., 2021; Fried et al., 2018; Feindt et al., 2021). The effectiveness of carbon pricing depends on the tax being equal to the marginal external cost at the point of socially optimal output (Boyce, 2018). However, accurately estimating this cost is extremely difficult, often resulting in carbon pricing that deviates from the path of equity to the detriment of vulnerable households. Widespread national, economic, and geographic differences profoundly influence the distributional effects of carbon pricing on households (Tomás et al., 2020; Steckel et al., 2021; Dorband et al., 2019; Tian et al., 2024b; Tian et al., 2025). Regional heterogeneity within Europe further complicates equity of carbon pricing. Eastern European states relying on coal-based heating, faces higher regressive burdens compared to Nordic nations with access to renewables (Linden et al., 2024). While EU-wide redistribution could mitigate national disparities (Feindt et al., 2021), it risks overlooking subnational nuances.
Distributional effects of carbon pricing remain a central controversy in policy design and public acceptance (Beck et al., 2015; Bureau, 2011; Eisner et al., 2021; Fremstad and Paul, 2019). When focusing on household micro factors, existing studies have mainly concerned heterogeneity in carbon pricing burdens by household income (Linden et al., 2024; Malerba et al., 2024; Yu et al., 2025), size (Haywood and Jakob, 2023; Verleyen et al., 2024), and age (Zha et al., 2022; Wang et al., 2019), ignoring inequalities arising from household composition. Specifically, single and childless households, despite representing 43% of EU households, are absent in major studies assessing carbon pricing burdens. Multiple studies confirm that carbon taxes disproportionately burden low-income households, who spend a higher share of their income on energy-intensive essentials like heating, transport, and basic goods (Dorband et al., 2019; Liu et al., 2022; Müller et al., 2024). Larger households benefit from scale economies, reducing per capita energy costs through shared heating and appliances (Ivanova et al., 2018). While elderly households face amplified risks due to high heating needs and fixed incomes (Zhang et al., 2025). However, our study emphasizes the influence of carbon pricing on various household types. Single-person and single-parent households may face unique energy poverty risks under the EU ETS2. Single-person households, particularly elderly individuals living alone, suffer greater income erosion from rising energy costs due to high retrofit expenses and per capita spending inefficiencies (Pais-Magalhães et al., 2022). Single-parent households face the challenges of low income and high childcare costs (Marron and Toder, 2014; Ohlendorf et al., 2021). Without additional support, the marginal benefit of carbon revenue rebates for these households may be lower than for others (Sørensen, 1994).
Carbon revenue recycling programs can mitigate the negative impacts of carbon pricing on vulnerable households, usually through lump-sum rebates or transfers payment (Bourgeois et al., 2021; Sajeewani et al., 2015). The effectiveness varies significantly across target, methods and economies. Most studies agree that carbon revenue recycling schemes need to be targeted on vulnerable households (Fremstad et al., 2022; Ravigne et al., 2022). Existing revenue recycling designs prioritize income or age vulnerabilities (Vandyck et al., 2021; Ver et al., 2009; Zhang et al., 2018; Tian et al., 2023), ignoring the fixed-cost burden of single and childless households. The composition of basic social groups is changing with the trend toward singles and childlessness (Brini, 2020; Helm et al., 2021; Hogendoorn et al., 2023; Sobotka, 2017). Evidence gaps in the discussion of this phenomenon have led to an inadequate understanding of carbon pricing. In this study, we categorize all households into five types based on whether the adult is single and whether the household has dependent children. Multi-Regional Input-Output (MRIO) model can capture sectoral and inter-product linkages by linking household consumption data to industry data. By integrating household typology with MRIO modeling, this work pioneers the quantification of ETS2’s sectoral burden distribution (transport and heating) across five household types, a dimension absent in prior equity analyses.
3 METHOD AND DATA
3.1 Environmentally extended Multiregional input-output (MRIO) analysis
Households face two main economic impacts under carbon pricing: direct impacts from rising energy costs, and indirect impacts from higher prices for goods and services, resulting from embodied carbon emissions within production and transportation networks (Tian et al., 2023; Zhang et al., 2017). The environmentally extended MRIO model has been widely used to estimate the distributional impacts of carbon tax. We connected the household expenditure survey data of various household types with the global MRIO database. The detailed product-level information and the ability to explicitly consider different production technologies in various countries make EXIOBASE 3.7 the most suitable database for our study (Stadler et al., 2018; Cabernard et al., 2019). More information about MRIO model and EXIOBASE 3.7 is in the Supplementary Materials.
To calculate the indirect carbon expenditure across different household types, we adopt the classic Leontief demand model within the Multi - Regional Input - Output (MRIO) framework to allocate the environmental impacts stemming from households. Mathematically (see Equation 1):
x=Ax+y(1)
Here, the intermediate input coefficient matrix is defined as A=Zx^−1, where x denotes the total output, Z represents the intermediate input matrix and x^ is the diagonalization of the output vector. The vector y encompasses final products utilized to meet final demand, including household expenditure, inventory, government expenditure, and exports.
Next, we estimate the expenditure increase driven by carbon pricing based on the MRIO model. The total carbon expenditure of sector s of household i in country n (denoted as cen,i,stotal) is the sum of direct and indirect expenditure increase, which is given in Equation 2:
cen,i,stotal=cen,i,sdirect+cen,i,sindirect(2)
We obtain total indirect expenditure increase of consumption through linking the supply industries to the changes in the final consumption of group i, which can be expressed by Equation 3:
cen,i,sindirect=FByi(3)
where B=I−A−1 represents the Leontief inverse matrix and yi is the vector of final products that are used to satisfy final demand on household expenditure. F is derived from the production cost increase in each economic sector due to the price of carbon emissions divided by the total sectoral output.
The direct expenditure increases of carbon pricing shock on household i can be calculated by multiplying the household direct emissions of group i and the carbon price p, which be expressed as Equation 4:
cen,i,sdirect=p*GHGn,i,sdirect(4)
Here, GHGn,i,sdirect refers to the direct GHG emissions from household energy consumption. The EXIOBASE satellite account contains emissions data related to final demand. We disaggregate this data according to the consumption of specific energy sources (such as gasoline, coal, natural gas, etc.) across five different household types. This enables us to estimate the direct emissions for each household type.
The share of carbon expenditure (cen,i,stotal) required by consumers to maintain their initial consumption (yi) is defined as the carbon payment burden rate under carbon pricing. This rate measures the impact (Ri) of carbon pricing on group i, as shown in Equation 5:
Ri=cen,i,stotalyi(5)
3.2 Harmonization of HBS data and EXIOBASE
The expenditure data from the Household Budget Survey (HBS) employs a product classification different from that of the MRIO tables in EXIOBASE 3.7. Hence, it is necessary to harmonize the HBS data and EXIOBASE using the RAS method (Ivanova et al., 2017). The steps are as follows.
First, we match the HBS expenditure items with EXIOBASE MRIO table products. For more detailed information on the correspondence between consumption items and product classifications, see Supplementary Table S2. Second, let W1 be the initial distributed concordance matrix between the HBS data and EXIOBASE. The column sum in W1 represents the expenditures per category in HBS and the row sum the expenditures per products in MRIO format; W1 will be subject to significant error with respect to at least one of the sides. The goal is to minimize this error by iteration with respect to both sides. The next version of W (that is, W2) is determined by calculating the row sum of W1 and then setting it into relation to the actual EXIOBASE expenditures. The resulting ratio is denoted q1, W1 will then be multiplied by this ratio across its rows. From the resulting matrix one proceeds in a similar way with the column sum and compares it against the scaled HBS expenditures. This ratio is denoted k1. Similarly, W1 will be adjusted by multiplying across columns. One iteration is formalized by Equation 6:
Wt+1=q^tWtk^t(6)
This procedure is repeated 500 time; q and k often saturate after a few dozens of iterations, meaning the system is in equilibrium already and the error minimized with respect to both sides.
3.3 Design of carbon price scenarios
ETS2 price expectations in the literature vary greatly. According to EU ETS2, if the price of allowances exceeds €45/tCO2 (in 2020 prices, equivalent to €42/tCO2 in 2015 prices), the Market Stability Reserve (MSR) may release additional allowances to mitigate excessive price increases. Consequently, we adopt €42/tCO2 as the standard carbon price applied to all products excluding transportation and building fuels in our model.
For these specific products (fuels of transportation and buildings, details shown in Supplementary Table S3 of the supplementary material), distinct carbon prices are applied. The EU Commission projects that achieving substantial market incentives for building retrofits and low-emission transport by 2030 necessitates an ETS2 carbon price of €48–€80/tCO2 (2015 prices). Supporting this range, Günther et al. (2024) projected an ETS2 price of €71/tCO2 (2022 prices, equivalent to €60/tCO2 in 2015 prices) under their “Strong Efficiency Policies” scenario. Based on this synthesis of evidence, we set €60/tCO2 (2015 prices) as the baseline carbon price for transportation and building fuels. For sensitivity analysis, we use the upper bound of €80/tCO2, derived from policy scenarios relying more heavily on carbon pricing (MIX-CP). This allows us to examine how stronger carbon price signals in these sectors affect burdens across different household types (design of carbon prices summarized in Table 1).
TABLE 1 | Design of carbon price scenarios.	Price scenarios	Fuels in buildings and transport	Other products
	Baseline Price	60€/tCO2	42€/tCO2
	High ETS2 Price	80€/tCO2	42€/tCO2


*Note: All prices have been inflated to 2015 price levels.
3.4 Carbon revenue recycling scenarios
Carbon revenue recycling programs can help reduce inequality and protect vulnerable populations (Fremstad and Paul, 2019; Budolfson et al., 2021). We developed four carbon revenue recycling schemes to assess their effectiveness in alleviating the economic burdens imposed by carbon pricing. The first scheme is the No Rebate, in which all households only incur carbon expenditures under a carbon pricing policy, leading to a negative net impact, referred to as the household carbon burden. The second scheme is the Transport Rebate, which aims to reducing the household carbon payment burden of transportation fuels by providing tax rebates based on the proportion of transport carbon expenditure used by households. The third scheme is the Building Rebate, which aims to reducing the household carbon payment burden of housing fuels by providing tax rebates based on the proportion of housing carbon expenditure used by households. The forth scheme is the Average Per-Household Rebate, which allocates carbon revenues equally to each household. We analyzed the net impact of carbon pricing on various household types. Net impact of group i (NId,n,i) is expressed as Equation 7, Mathematically:
NId,n,i=icd,n,i−cen,itotalyi(7)
where icd,n,itotal means the carbon revenue received from the carbon revenue rebate scenarios d. Notably, all carbon revenue schemes are distributed within each country’s jurisdiction, not pooled across nations.
4 RESULTS
4.1 Total expenditure increase from carbon pricing
EU countries are implementing aggressive carbon pricing to mitigate climate change, but it also imposes an additional financial burden on households. Based on findings of these studies, we measure the total cost of carbon pricing for households in 28 European countries in 2015, which would amount to €195 billion (€209 billion), approximately 2.70% (2.88%) of households’ final consumption. Single and childless households (single person households, single parent households with children, and couple households without children) bear a burden as high as €110 billion (€118 billion), representing 56.5% of the total carbon pricing cost. Figure 1 illustrates the total cost of carbon pricing expenditures, expenditures share of single and single-parent households and income status in 28 countries by region.1
[image: Comparison of two radial charts showing expenditure and share percentages for different regions and income statuses under two scenarios: Baseline Price and High ETS2 Price. Each chart includes a central legend indicating income status (low and high) and regions (Eastern, Southern, Northern, and Western Europe), with accompanying bar graphs displaying expenditure and share percentages. Labels for countries encircle the charts, illustrating data distributions for each scenario.]FIGURE 1 | Increase in total expenditure caused by carbon pricing, expenditures share of single and single-parent households and income status in European countries. The income status compares the country’s household income with the average household income in European. We divided the European countries into four regions, countries in the four regions are ranked from lowest to highest in terms of total expenditure increase in this figure. The abbreviation of each country is shown in Supplementary Table S4.Households in Western Europe countries bear highest total carbon pricing costs, total achieving €75.8 billion. Well-developed economies and social transfer system encourage more single and childless households (Beaujouan and Toulemon, 2021), and these households bear the majority of the carbon expenditure. For example, in scenario with baseline carbon price, couples without children in Germany spend (€12.9 billion) even more than couple households of with children (€12.3 billion). This gap becomes larger in the scenario with higher price on buildings and transportation. Considering the popular trend of single and childless households in Western Europe who are replacing traditional households and account for a significant portion of society (Pesando, 2019), they could be the most affected groups with the highest share of carbon payments (55.4%). Similar phenomenon that is also prevalent in Northern Europe. However, there are some different in Southern Europe, especially considering the influence of religion on traditional households in Southern Europe (Vignoli and Salvini, 2014) compared to Western and Northern Europe. The proportion of single and childless households in Southern Europe is relatively small. Thus, the highest carbon costs are for couples with children (€20.4 billion). Yet new family trend still leads single and childless households to bear more carbon payments. Northern Europe, achieving €13.6 billion, is the second largest payment among four regions. Moreover, singleness trend also result in a rapid increase in the scale of vulnerable households in Southern Europe (Toulemon, 2016), leading them bearing the largest burden in European, achieving 11.4% of the total cost (€4.8 billion).
The indicator of average carbon pricing cost could also be informative. Single-person and single-parent households in Northern Europe take €640.9 and €1013.1 per household carbon pricing cost respectively, the highest average cost among the four European regions when facing higher carbon pricing in High ETS2 price scenario. These two households are often deemed as the vulnerable groups and easily affected by carbon pricing. One noteworthy finding is that if the price of Baseline price scenario increases to High ETS2 price scenario, the average carbon pricing cost for these two households in Eastern Europe quickly approaches the cost in Northern Europe (single household, €640.5; single-parent household, €940.1). The lower disposable income and social subsidies for Eastern Europe households make them hard to absorb the impact by higher carbon price. Apart from that, there are some similarities between two regions. In the face of more aggressive carbon pricing, the carbon cost for vulnerable households in many countries in two regions is gradually approaching even surpassing the cost for traditional households, especially in the Czech Republic, Poland, Lithuania and Estonia. For example, in the Czech Republic, vulnerable households spend €271.3 million more on carbon pricing costs than households with dependent children. Therefore, in carbon pricing policy, the necessity of considering the trend towards singleness and childless are becoming inevitable.
4.2 Household burden rate from carbon pricing
Carbon payment burden rate could be a more valuable indicator to evaluate the policy impact on different households. Figure 2 illustrates the variation in household carbon pricing burden rates across different household types in the 28 European countries. Specifically, vulnerable households (single, 2.79%; single-parent, 2.90%) have a higher average carbon payment burden rate than traditional households (2.65%) in scenario with baseline carbon price. If setting scenario with higher carbon pricing on building and transportation sector, the carbon burden for single (3.00%) and single-parent (3.11%) increases rapidly, a lager gap with and traditional households (2.83%). Specific consumption structure related with household attributes creates a potential impact on carbon burden rates, for example, single person households are less efficient at heating (Liu et al., 2023). Vulnerable households may be inequal in carbon pricing expenditures.
[image: Chart comparing carbon payment burden rates across EU countries. Panel a) shows a vertical alignment of countries by burden rate, with EU28 average marked. Households are marked by color-coded circles representing ratings from A to AAA. Panel b) is a line graph showing a negative correlation between mean income-purchasing power standard and carbon payment burden. The correlation is significant with p<0.05.]FIGURE 2 | Impacts of baseline price scenarios on different household groups in European countries. (a) Shows the carbon payment rate across Europe. Countries in the four regions are ranked from lowest to highest in terms of average household carbon payment burden rate. The horizontal axis represents countries, with different regions distinguished by different colored fonts: red for Western Europe, green for Eastern Europe, blue for Northern Europe, and purple for Southern Europe. (b) Shows the correlation between logs of mean income and the carbon payment burden rate. The slopes provide the sensitivity of income to carbon burden rates for different types of households at the 0.05 level of significance.From a general overview in baseline scenario, the households’ carbon burden is highest in Eastern Europe (5.60%), followed by Southern Europe (2.39%) and lower in Western Europe (2.18%) and Northern Europe (2.04%). The economy situation, energy policy and social welfare system, may influence the household burden rate (Mi et al., 2020), leading to regional and household differences. Western Europe exhibits a relatively balanced low carbon payment burden rate across different household, with only 0.09% gap between single and traditional household. This can be attributed to the higher average incomes and clean technologies, as well as the early development of singles and childlessness trends, accompanied by better welfare systems for single and childless households. Luxembourg stands out with the highest carbon burden rate for single and childless households in Western Europe at 3.77%. This is attributed to its extreme reliance on imports, which embed high carbon intensities due to origin-specific production profiles, particularly in energy sectors (Oberhausen Krippler, 2023). In most Northern Europe countries, single and childless households are inevitably bearing higher carbon burden rate than traditional households. Moreover, considering the vulnerable groups, single and single-parent households are still the households with highest burden rate, achieving 2.22% and 2.33%. The three Baltic countries - Estonia, Latvia, and Lithuania - face similarly highest carbon burden rates for single households, at 7.64%, 5.22%, and 4.64% respectively (Aidukaite et al., 2022; Hsu, 2023). Moreover, single and childless households in these three countries are facing significant disproportionate burden, such as the 3.19% huge gap between single and traditional households burden rate in Estonia. However, Nordic countries such as Norway exhibit relatively low burden (1.86%) due to their higher incomes (€41528) and cleaner energy structures with over 50% renewable output and consumption (Supplementary Table S8).
In Southern European, households in Spain and Italy showing relatively low burdens of 2.39% and 2.34% respectively. While households in Greece experiences a higher carbon burden, achieving 5.31% due to the impact of the national debt crisis. Similar to Greece, Cyprus has an elevated carbon burden (5.15%) combined with high unemployment rate at 15% (Oliveras et al., 2020). Malta, despite lower unemployment, is also facing high carbon burden at 5.15% due to its fossil fuel-dependent energy system and only around 7% penetration of clean energy. From the perspective of burden by different households, single households have a disproportionately highest carbon burden in all Southern European countries. In Eastern European, households are more vulnerable in scenario with greatly burden increase by €80 price on buildings and transportation, especially single and childless households in Bulgaria, Czech and Poland who are taking over 9% carbon payment burden rate. Results also show that Eastern European households bear the highest carbon payment burden at 6.18% due to the high average unemployment rate (6.43%) and low wages (€4,000–€11,000) compare to other regions, despite having the lowest per capita carbon footprint. This highlights the consumption challenges by aggressive climate action faced by single and childless households in Eastern Europe. Meanwhile, country disparities are difficult to reconcile, but a comprehensive understanding of household carbon burdens under single and childless trends can still contribute to future mitigation and revenue rebate policy.
Figure 2b reports a significant negative correlation between household carbon burden rates and household income at the 0.05 level of significance. Carbon expenditure accounts for only a small proportion of expenses in wealthy households, but it is a significant burden for households in struggling with poverty. The slopes elucidate the sensitivity of carbon burden rates to income across different household types. Notably, the line of single-person households exhibits markedly higher slopes, suggesting their greater sensitivity of carbon burden rates to income compared to other household compositions (Liu and Zhang, 2022; Piekut, 2020). However, the carbon burden rate for single-parent households is largely insensitive to marginal income growth, meaning that the financial situation would not be greatly improved until their income climbed dramatically (Sørensen, 1994).
Current studies have widely recognized the regressivity of carbon/energy tax, and however, detailed income data distribution among and within household types preventing further investigation. Although lacking detailed HBS-published dataset, we added Supplementary Tables S10–S12 to the Supplementary Material to describe the distribution of different households’ income and at-risk-of-poverty rate reported by EU statistics on income and living conditions (EU-SILC) survey. As reported, both single-parent and single-person households are the types of households at highest at-risk-of-poverty rate, even after social transfers. Moreover, single parents more easily fall into poverty even compared with other households with one or more children. A worsening financial situation among vulnerable make them hard to bear more additional carbon cost. And such extreme poverty may weaken the effectiveness of marginal carbon revenue rebate. Exploring carbon burden differences within the household by each country can be further investigated in the future as more detailed income data becomes accessible.
4.3 Consumption structure of carbon-induced expenditures
As Figure 3 reported, in two scenarios, the distribution of carbon expenditures differs across household types, but exhibits similarity. For all households, residential fuels, miscellaneous goods, food, and transportation account for the majority of carbon expenditure. Single and single-parent devote a larger proportion of their additional expenditure to fuel and less transportation compared to traditional households (Lin et al., 2021). If the carbon pricing on building and transportation continue to climb, single households in all regions would spend over 50% payments on fuel consumption. This inefficiency in heating and less transporting may be due to household attributes (Behsudi, 2021). The consumption patterns related with household attributes would lead higher carbon burden to vulnerable households.
[image: Diagram depicting carbon payment burdens in Europe. Part (a) shows four concentric circle diagrams for Eastern, Southern, Northern, and Western Europe, indicating the percentage distribution of carbon costs across sectors like transport and housing. Part (b) presents horizontal bar graphs displaying the gap in carbon payment burden rates by region. A color legend categorizes sectors, including transport, housing, and food.]FIGURE 3 | Consumption structure of carbon expenditures under ETS2 carbon price. (a) Represents the consumption structure of five types on household carbon expenditures in four European regions under the Baseline price scenario. The numbers on the circle refer to the share by consumption category. (b) Represents the gap in the share of carbon expenditure on basic living items in the High ETS2 price scenario.Regional heterogeneity, such as energy structure, geographical location or households’ income would affect households’ consumption items and carbon expenditure. The long cold periods at high latitudes in Nordic countries lead vulnerable households to pay more for housing energy (Streimikiene et al., 2021), especially the single parent spending highest share on fuels among all households with the need for children to maintain a consistently comfortable temperature. However, benefit from more cleaner energy structure and developed social transfer system, most households in Northern Europe still can hold a relative balanced carbon expenditure structure rather than centre on one item, same as Western European households. Households in Western Europe also exhibits balance structure with similar advantages in social welfare systems. The difference is mainly in the higher proportion of food, miscellaneous goods and services items. Higher incomes increase their willingness to consume a variety of goods, leading to higher spending on miscellaneous goods and services in Western Europe. Additionally, due to the high demand for carbon-intensive food products such as red meat, oilseed crops (e.g., palm oil), and stimulant foods (e.g., coffee) (Li, 2023), additional carbon spending on food is significantly higher in Western Europe.
If regional social protection for households is insufficient with lower income, aggressive carbon pricing would compel vulnerable households to centre on fuel items and crowd out others items, even the basic items like foods and miscellaneous goods. Compare the item share change under two scenarios, the situation is worse in Eastern European. For Eastern European, over 70% of the additional expenditure of single and childless households are already from housing fuels. Particularly, single households have the highest percentage for fuel about 76%. Although additional carbon costs in fuel by households in Eastern European countries change less with 2.2%–2.6% increase, but the consumption shares of food, miscellaneous goods and services decrease fastest in four regions at total 1.5% decrease. This indicates the vulnerable households attempts to save moneys from basic items to keep their building warming. According to Supplementary Table S7 of the supplementary material, the number of heating and cooling days in the Eastern European countries exceeds that of the Southern and Western European countries and is only second to that of the Nordic countries. Due to consumption rigidity, single-person and single-parent households in Eastern Europe are facing increasing expenditure by carbon pricing, more than half of additional expenditure from household fuel item. This may increase their carbon burden and further entrench rigid consumption patterns. Although the situation is also not optimistic for other household types, the situation of single-person households and single-parent households are getting more concerns about their burden related with household attributes. And constrained by low incomes, private car ownership rate is very low among Eastern European households, resulting in less change and lowest additional carbon costs for transportation. In contrast, households in Southern Europe exhibit the larger consumption share and share change of transport-related carbon costs in Europe, which aligns with the inverted U-shaped relationship between income levels and transport expenditure shares (Vandyck et al., 2023). Yet facing higher carbon price in building and transportation, their consumption shares of basic items still decrease fast about 1.15%–1.3%, to satisfy the need of energy, similar with Eastern European.
4.4 Impact of carbon revenue rebate scenarios
Based on EU ETS2, four carbon revenue rebate scenarios were designed to assess their effectiveness in reducing the economic burden associated with carbon pricing, and the results are shown in Figure 4.
[image: Bar charts showing net impact percentages of carbon revenues rebate scenarios for different household types across four regions (Eastern, Southern, Northern, and Western Europe). Scenarios include No Rebate, Housing Rebate, Transport Rebate, and Average per-household Rebate. Net impacts range from negative to positive.]FIGURE 4 | Net impacts of carbon revenues rebate scenarios on different household groups in European regions under baseline carbon price. Notably, the No rebate scenario represents the burden of carbon expenditures under a carbon pricing policy for the types of households discussed in Section 3.2.Under No carbon rebate scenario, all households only incur carbon expenditures under a carbon pricing policy, leading to a negative net impact, referred to as the household carbon burden. Households in Eastern Europe face the highest carbon burden, with single and childless households experiencing greater burdens than traditional households. The results show that single households in all four regions bear a negative net impact in the transportation rebate scenario, especially in Eastern Europe, where the net impact is as high as −1.77%. Since single households have a lower share of carbon expenditures on transportation than other households, their incomes in the scenarios focusing on subsidizing the carbon burden of transportation have difficulty in hedging against the burden imposed by other consumption, and thus they become the net bearers of carbon pricing. The same is true for single parent households. A slight difference is the small positive net effect of single parent households in Southern Europe. For traditional households (group AAB and group AAA), the transportation rebate scenario significantly eases their carbon burden, showing a significant positive impact. In contrast to the transportation return scenario, single and lone parent households receive a positive net impact in the residential return scenario, while traditional households become the main contributors to carbon pricing. It is worth noting, however, that the absolute value of the net impact for each type of household shows a relatively balanced picture, ranging from −0.42% (Eastern Europe, group AAA) to 0.47% (Eastern Europe, group A). Finally, the Average per-household return demonstrates the advantage of targeted compensation for vulnerable households (especially single parent households vs. single person households). Single households significantly reverse their high carbon payment burden in the household average scenario and become the absolute beneficiaries of the carbon pricing policy. Peaking at 6.60% in Eastern Europe, while those in Northern Europe receive the smallest benefit at 2.22%.
The findings clearly demonstrate that single and single-parent households experience significant financial challenges under carbon pricing. The introduction of rebate strategies, particularly those focused on subsidizing by average household carbon expenditure and housing fuel consumption, appears promising in alleviating financial burdens on these groups. This analytical framework provides an empirical basis for updating the EU Social Climate Fund (SCF) Operational Guidelines.
5 CONCLUSION AND DISCUSSION
5.1 Conclusion
While carbon pricing remains essential for climate mitigation, our analysis of the EU ETS2-based carbon pricing confirms it imposes disproportionately higher costs on single and childless households—particularly across Southern and Eastern Europe. These households allocate a substantial share of income to carbon-intensive essentials like heating, transport, and food, limiting their ability to adapt consumption patterns under carbon pricing regimes. Such consumption rigidity raises critical equity concerns, necessitating policy interventions that reconcile environmental goals with social protection. Targeted rebate scheme offers a solution. For instance, average per-household rebates and direct subsidy on housing fuels can redistribute carbon revenue to offset the regressive impacts of carbon pricing. Such measures operationalize core equity principles by balancing horizontal equity (equal treatment of equals) with vertical equity (redistributive support for vulnerable groups) (Pizer and Pizer, 2019). Our updated scenarios demonstrate that carbon pricing is vital for climate goals but it must incorporate protective measures to ensure a fair distribution of costs across society.
5.2 Discussion
The rise in single and lone parent households, driven by aging populations and single life style, has created a diverse group facing significant challenges under carbon pricing policies. These households (e.g., elderly singles, single mothers, young job seekers) share a common vulnerability: high essential expenditure shares on heating/transportation with limited consumption flexibility. For older singles and single parents (Distefano and D’Alessandro, 2023), carbon pricing exacerbates financial strain, increasing energy poverty risks (Tian et al., 2023). Moreover, their typically lower-income status further amplifies vulnerability. For example, elderly singles often take informal jobs to top up pensions, particularly vulnerable to housing or job market frictions. And lone mothers substantially outnumber lone fathers in most countries (Supplementary Table S6), bearing disproportionate carbon burdens while raising children alone (Heintz-Martin and Langmeyer, 2020; Sunikka-Blank and Galvin, 2021; Osorio et al., 2024). These pressures are most severe in Southern and Eastern Europe, where fossil fuel dependency exceeds EU averages.
Targeted revenue recycling is essential to address these inequities. The ETS2 is projected to allocate €65 billion (2026–2032) to the Social Climate Fund (SCF). The SCF supports Member States in mitigating the social impacts of carbon pricing by providing direct financial assistance (Monitor, 2019), such as income support or rebates by per household, and expanding social transfer to reduce temporary rising costs for vulnerable households (Bednar and Reames, 2020). For single and lone parent households, these measures can alleviate the burden of increased costs for necessities, enabling them to maintain essential living standards without sacrificing other needs.
Complementary policies, such as targeted social transfers for single and single parents (Trinh, 2021; Ghafouri, 2023), phasing out fossil fuel subsidies while redirecting funds to support low-carbon alternatives, and establishing occupational training system can further enhance the effectiveness of carbon pricing. Investments in energy efficiency, such as building renovations and electrified transport, can reduce the poverty of single and lone parent households in transport and housing fuels, aligning environmental and social objectives (Bednar and Reames, 2020; Shang, 2023). By combining these strategies, policymakers can ensure that carbon pricing not only drives decarbonization but also advanced social equity.
This study highlights the disproportionate burden of carbon pricing based on ETS2 among single and lone parent households, risking energy poverty. Developing countries also experiencing demographic shifts toward single and childless households, such as China, India, and Indonesia, can leverage this methodology to quantify carbon pricing impacts. Our study focuses on different household types and, due to data limitations; we use household expenditures as a proxy for household income to measure the carbon payment burden rate, albeit with some margin of error. However, it has been demonstrated that expenditures reflect a combination of income and wealth (Atkinson and Bourguignon, 2014), thus this approximation can still indicate the carbon burden of different households. Additionally, the MRIO model’s linearity overstates direct effects, missing dynamic economic shifts. Static modeling of MRIO cannot reflect dynamic emission reductions, but it quantifies the maximum allocation burden at decarbonization stagnation. In addition, our ETS2 price scenarios depend on current projections; accelerated climate risks could escalate prices beyond these forecasts, intensifying burdens on vulnerable groups.
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