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Abstract

The personal road transport sector is one of the largest and fastest growing sources of CO2 emissions. This paper investigates a tradable permit policy for mitigating carbon emissions from personal road transport and discusses various issues of permit allocation. As tradable permits will effectively raise the price of fuel, the policy has important distributional implications. The distribution of burden depends on permit allocation strategies and on the consumer response to an increase in price. The behavioural response varies among different segments of the population depending on their travel needs, which in turn are contingent upon their income, location of residence and other factors. A model previously estimated by Wadud et. al. (2007) with group-wise aggregated US consumer expenditure survey data for 20 years provides behavioural responses for different income groups. The resulting welfare distribution is evaluated in this paper. Different permit allocation schemes are also considered in the analysis. 
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1. Introduction

Transport is the second biggest source of greenhouse gas emissions in the world. In 2001, the transport sector contributed 25% of total global CO2 emissions to the atmosphere (International Energy Agency, IEA 2004). Among these, the share from road transport is 80%, of which 60% is from personal road transport (IEA 2004). Thus the contribution of personal road transport to global CO2 emissions is approximately 12%. Road transport emissions are also growing at a faster rate than most other sectors. In 2003, transport contributed to 31.8% of all CO2 emissions in the USA (US Environmental Protection Agency 2005), of which on-road vehicles alone were responsible for 78%. Passenger cars and light duty vehicles were responsible for 59% of transport CO2 emissions, which is around 19% of US greenhouse gas emissions. The energy use in the personal transport sector increased by 2.6% between 2001 and 2002, and this trend is steady (Davis and Diegel 2005). In the UK, transport related activities are responsible for 25% of carbon emissions and road transport contributes to 58% of all transport emissions (Office of National Statistics 2006). Contributions from personal road travel in the UK are lower (10%) compared to the USA, but increased by 6% between 1990 and 2002. 
Personal road transport is thus clearly increasing its share of carbon emissions to the atmosphere. While a comprehensive policy for the whole economy would reduce emissions at the lowest cost, personal road transport’s significant contribution to CO2 emissions and its widely decentralized nature require special policy attention. This paper analyzes a tradable permit policy for mitigating carbon emissions from the personal road transport sector and evaluates the welfare distribution of such a policy. Since the distribution of welfare could depend on the price response of different groups, gasoline demand models for different socio economic groups as evaluated by Wadud et. al. (2007), are used. Our approach also differs from other fuel tax incidence work in that we present results for all households as well as representative vehicle-owning and non-vehicle owning households. Section 2 of this paper briefly discusses the policy options available to mitigate carbon emissions and discusses the tradable permit policy design and permit allocation options. Section 3 synthesizes various distributional measures and issues associated with measurement. Section 4 briefly describes gasoline demand modelling. The econometric model for gasoline demand, the model for welfare change and the data are described in section 5. Section 6 presents and discusses the results with conclusions in section 7.   
2. Policy Issues

2.1 Policy Options

To evaluate the attractiveness of an emission control policy, it is important to examine at least three distinct components of the effects: efficiency, effectiveness and equity. Among the policy options, economists agree on using market based instruments such as emissions taxes or tradable emissions permits as Weitzman (1974) has shown that in an ideal economic setting, both these instruments are equivalent in curtailing emissions efficiently and effectively. The corresponding policy for road transport translates into a carbon tax for fuel (mainly gasoline and diesel) or tradable carbon permits. Essentially, both these policies increase the price of fuel. Since various users of gasoline use different quantities, this price increase will have a differential effect on the population. This is where the third ‘E’—equity considerations become important to policy makers. 

Although some researchers
 suggest that policies be revenue-raising on efficiency grounds, such policies as carbon taxes and auctioned permits face stiff political resistance, as it transfers revenue to the government, and environmentalists argue that, taxes do not guarantee a particular emissions reduction target. On the other hand, freely allocated permits trigger less opposition than taxes (Jensen and Ramussen 2000) because it results in an accumulation of wealth to the permit recipients. Increasing motor fuel tax is politically very difficult to implement, especially in countries with low prices and high demand, such as the US (Hammer et. al. 2004). Another political argument against taxing fuel is that the policy disproportionately burdens poor households (Sevigny 1998). Because of the popular support against taxes and the difficulty in fixing an appropriate tax rate, a tradable permit approach has been advocated in international treaties such as the Kyoto protocol, for CO2 emissions trading. 
For personal road transport, the level at which trading is implemented is critical to policy design. For example, trading can be done among fuel producers or car manufacturers. However, the carbon content of the fuel cannot be reduced in refineries through existing technology (Grubb 1990).
 Another option is targeting vehicle manufacturers based on projected carbon emissions from the vehicles sold. This may, however, lead to new buyers paying more for fuel efficient vehicles which may result in a slow turnover of some of the older, more carbon emitting vehicle fleet (Winkleman et. al. 2000). It is also difficult to estimate, at the point of sale, how much the new vehicle will travel in its lifetime. It also does not encourage motorists to reduce vehicle use at all, as higher vehicle usage is not penalized. For both the upstream policies, the market value of free permits will be reflected in higher equity values of the firms and the policy will therefore be regressive as the shareholders are largely from higher income groups (Parry 2004).
Both of these upstream policies fail to address the issue that personal road transport usage is a decision made by households and individuals. Therefore it is more logical to provide households with a direct incentive, which can best be generated by a downstream trading system (Ahlheim and Schneider 2002). Raux and Marlot (2005) also state that economic incentive instruments achieve their maximum efficiency when operating at the most decentralized level. A downstream cap and trade programme implemented at the household or individual level is more likely to affect individual decision makers directly and is therefore a superior policy option in the absence of transaction costs. 

Following Fleming’s (1996) domestic tradable permit proposal in the UK, Raux and Marlot (2005) proposed a downstream carbon permit trading system for the personal road transport sector. In short, their proposal includes allocating specified emission permits to members of the public. The permit credits are deducted from the buyers account (held on a permit debit card) electronically, in proportion to the carbon content of the fuel bought at the time of purchase. Transactions can be monitored by a centralized agency, but can be carried out through many outlets such as ATMs, top-up shops,
 petrol retailers, and the internet. The price of the permits would depend on the total number of permits available in the market and the demand for them. The premium for permits will increase the perceived price of petrol and will be an incentive for users to pursue less emission intensive travel behaviour. This is essentially equivalent to a tax, except that a specified endowment of fuel is not taxed and that endowment can be sold if not used. Feldstein’s (2006) proposal of tradable gasoline rights is similar.
Another advantage of carbon-trading at the individual motorist level is the non-participation of those who are currently environmentally conscious travellers. Households concerned about climate change and other environmental effects can decide not to sell their initial endowments, and even buy extra credits, but not use them. Such a decision which would withdraw permits from the market would reduce the availability of permits, resulting in a higher reduction in emissions. This cannot be achieved by a fixed tax, and allows some consumers to increase their welfare by making a purchase which improves the environment. 
2.2 Permit Design and Allocation
The philosophy behind the allocation of permits is an important issue in the design of the policy (Pezzey 2003). If allocated freely to all, allowances are deemed as property rights: everyone has the right to emit some carbon
 and thus the permits are given to everyone whether they drive a vehicle or not.
 If permits are seen as subsidies, they can be redeemed only if fuel is used. This implicitly recognises the right to emit carbon lies only with the vehicle owners. Permits can also be sold to any user as well, which is equivalent to a tax, and implies people with more buying power have a greater right to pollute the environment. The present method of permit allocation in other environmental cap-and-trade programs (SO2 emissions, lead phasedown, air quality) is grandfathering or allocation on the basis of historical emissions. This can be done in the transport sector on the basis of past VKT, gasoline used, or even vehicle ownership. The right to emit carbon in all these cases lies with the current polluters, and bigger polluters are essentially rewarded for their polluting activities. Under grandfathered allocation, existing low carbon-emitting travellers, who do not own a vehicle, face an entry barrier if they want to buy a vehicle. Thus, from an environmental justice point of view, an equal and free allocation to all is the most equitable option. 

Equal permits to all, however, will result in a windfall profit to non-vehicle owning households or individuals, and this may result in significant political opposition from existing fuel users. A middle of the road scheme is to retain the permits for non-vehicle owners by the government. This way, when needed, first-time buyers can get their due share of permits for free and will face less of an entry barrier.  The remainder of the government-held allowances can be sold at the existing market price. The revenue thus collected by the government can be used to meet the administrative costs of implementation. Such an allocation, however, does not uphold the principle of equal rights to the environment. 
Allocating permits equally to each household could be easier to administer. Yet, households vary in size and therefore equal permits to each household will not result in an equal distribution of burden to each household.
 Equal distribution to each individual will result in a different number of permits for each household.
 For such a per-capita based allocation, an important issue is the treatment of children. Children themselves may not drive, but the travel needs of a family increases because of their presence. Allocating permits to only adults or to those of driving age only will leave households with children in a disadvantageous position. On the other hand, allocating permits to both, adults and children, will put them in a more comfortable position as children’s travel needs are not the same as adults’.
 The allocation strategies evaluated in this paper are presented in Table 1. 
3. Measuring Burden

3.1 Measures of Burden

The direct burden or welfare change due to a change in price of a good can be determined from the demand curve of that good. Consumer surplus (CS) is the most common welfare measure and is determined from the ordinary Marshallian demand function. An increase in price reduces this area, and the loss in consumer surplus is:
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where Q is the Marshallian demand specification, and P1 and P2 are prices before and after the policy implementation. The Hicksian compensated demand curve can also be used. Two welfare measures calculated from the Hicksian demand curve are compensating variation (CV) and equivalent variation (EV). Willig (1976) argued that the difference between CV, EV and ∆CS is small, and because of the measurement and modelling errors during the demand curve derivation, for practical purposes, all three measures can be treated as the same. On the other hand, Hausman (1981) derived exact measures for CV for constant elasticity and linear demand forms of the Marshallian demand curve and argues in favour of CV as the proper welfare measure. In this work, both the ∆CS and the CV measures will be derived. Added to the ∆CS or CV measure is the accumulation of wealth from the free allocation of permits, which gives a measure of the overall change in the welfare of different income groups. 
3.2 Direct or Indirect Effects

The burden induced by a policy may give different results depending on whether only direct effects on the households have been considered or both direct and indirect effects have been modelled. A partial equilibrium framework studies the primary market and thus only considers the direct welfare loss, as measured by the CV or ∆CS.

A general increase in the price of fuel may lead to higher production and distribution costs of other goods, increasing their price as well. The additional welfare lost because of this price change in the secondary market would be included in a general equilibrium analysis. General equilibrium studies show that petrol taxes are not as regressive as they would have been if only partial equilibrium effects had been considered (Casler and Rafiqui 1993). Since personal transport is the focus of this study, the fuel price increase will primarily affect personal travel, therefore, only the direct effects will be considered. Likewise, we ignore any distributional benefits from carbon reductions actually mitigating climate change.
3.3 Demand Response versus No Response

Another important issue in burden calculations is whether a behavioural response to the proposed policy should be included or not. Most work on gasoline tax incidence calculates the distribution of burdens on the basis of no behavioural response. The principle behind taxation or cap-and-trade policies is to use market mechanisms such that the price of the polluting product goes up and accordingly, people reduce their consumption. Since it is the behavioural change that is the target of the policy, it is more appropriate to calculate the burden after allowing for this response. The no-response case, denoted by the vertical line at Q1 in Fig. 1, results in ∆CS of P1EGP2. When a demand response is included, the corresponding ∆CS is P1ECP2, for the demand curve AB, which is less than the no-response case. Studies that neglect this behavioural response will tend to overstate the burden imposed by the policy. Table 2 lists the salient features of various studies on fuel and carbon taxes that attempt to quantify the distribution of a tax burden.
Demand response to an increased price is thus an important determinant in burden calculations. Because of the heterogeneity of different households, it is possible that different household’s response to the same price change varies. Thus, although a national aggregate demand response will be sufficient to determine the average effect on welfare loss to a nation, to determine the effect on different socio-economic groups, the demand response of each of these groups needs to be determined. Fig. 1 shows that despite the initial demand be the same for the AB and HI demand specifications, AB results in lower ∆CS to the household because of its more elastic response to price than HI. It is therefore very important to model the demand curve for different socio-economic groups if the distributional effect is to be evaluated. The only other work that allows different behavioural response for different groups in calculating the burden from gasoline taxation is by West and Williams (2004). 
3.4 Measures of Equity/Progressivity
Two approaches exist in the literature for measuring the distributional effect of a policy. The first, local progression (Slesnick 1986), captures the ability to share the burden. Regressivity is defined as the deviation of the policy burdens from proportionality. A flat or proportional policy is one, in which people share the burden in proportion to their burden sharing capability, generally expressed through their income. This burden to income ratio is known as the relative burden. The second approach, initiated much earlier by Musgrave and Thin (1948) defined progressivity on the basis of the redistributive effect: how much the distribution of individual welfare is equalized as a result of the proposed policy. Most of these indices make use of an inequality index to provide one single value for the resulting welfare distribution. However, there are cases when these summary indices may fail to give an appropriate picture of the distribution. Examples include the case if a tax is progressive at low income and regressive at higher income, or vice versa (Suits 1977). This is why instead of providing one summary measure, we plot the welfare changes graphically. 

The redistributive effect of a tradable quota system for fuel usage possibly will not have much impact on the summary inequality measures. Therefore it will be difficult for the redistribution indices to pick up the difference. Also, the purpose of the policy is not to distribute the income or welfare equitably, but to ensure that the burden from the policy is equitably distributed. Thus relative burden is a more appropriate measure to examine these effects and we plot the relative burdens by different income groups in the analysis that follows.  
Our definition of welfare and thus relative burden has limitations, though. We measure the change in welfare arising solely from the price effect and income effect as reflected in the change in consumption of gasoline. A rise in price can, however, affect the ability of some individuals to access various activities, such as employment. While reduced mobility or reduced travel is somewhat captured through the reduction in gasoline consumption, reduced accessibility resulting from reduced mobility is not captured in our welfare measure. Even a small reduction in mobility may adversely affect households in the lowest income quintiles or in rural areas, who may find their access to jobs and recreation significantly reduced.
4. Modelling Fuel Demand 
Fuel and gasoline demand elasticity is a widely researched area because of its relevance to practical policy making.
 Yet there is a lack of studies on fuel demand by different socio-economic groups. In most of the gasoline demand literature, the demand for gasoline is modelled assuming that it is separable from the demand for other goods (Sterner and Dahl 1992). In the simplest gasoline demand models, the demand depends only on the price of gasoline and income of the consumer. Vehicle ownership changes over time and so does the fuel economy of new vehicles. Thus the fuel consumption of the overall vehicle fleet also changes. A second type of model includes vehicle stock as well as vehicle characteristics, thus capturing the fuel economy performance of the vehicle fleet. These models are generally aggregate in nature and use time series data. A third class of models attempts to incorporate various socio-economic activities, employment, rural or urban setting, regional characteristics and other such factors. These models may be attractive in terms of theoretical underpinnings, but they are generally disaggregate in nature and demanding in terms of data requirements. 

Two studies to date have examined the fuel demand elasticity by income group. These are West and Williams (2004) and our own work reported in Wadud et. al. (2007). West and Williams (2004) applied the Almost Ideal Demand System (Deaton and Muelbauer 1980) over three goods: gasoline, leisure and a composite of other goods using US individual household expenditure data from 1996 to 1998. Using an instrumental variables technique they determined compensated (Hicksian) and uncompensated (Marshallian) price elasticities for different income quintiles. Heckman’s two stage model was employed to avoid the selection bias for wage and car ownership. However, they have used a sample with only one and two-adult households and to normalize to a representative standard of living they divide the total expenditure by an equivalence scale (adults + children)0.5. Their expenditure quintiles are therefore not representative of aggregate US income quintiles as available in various surveys. Their model also utilizes disaggregate cross sectional information, and fails to capture the information available in the temporal dimension. We therefore make use of the elasticity estimates by Wadud et. al. (2007) which uses a richer variation of price data over time to model fuel demand for different income quintiles using US consumer expenditure summary time series data.  
5. Description of the Model

5.1 Econometric model for fuel demand

Wadud et. al (2007) estimated the fuel demand elasticity for vehicle owning households of five different income quintiles using the consumer expenditure survey summary data from 1984-2003. They chose a constant-elasticity log-linear specification of fuel demand with four explanatory variables: average annual expenditure of a household, price of gasoline, average vehicle stock, and average fuel economy of the vehicle stock. Their model specification is thus

lnGit = αilnYit + βilnPt + γilnEit + δilnSit + Ci + εit





(2)

where,
Git = average fuel demand per-capita for a household in the ith group at time t
Yit = average expenditure per-capita for a household in the ith income group at t
Pt = price of gasoline at t
Eit = average fuel efficiency of the vehicles used by household in the ith income group at t
Sit = average vehicle stock per-capita in household in the ith income group at t
Ci = constant for household in the ith income group

Average annual expenditure was chosen to represent lifetime income of the average household in a group.
 They have used the seemingly unrelated regression model by Zellner (1962) to derive efficient estimates of parameters for vehicle owning households in each income quintile. They also assumed a first-order autocorrelation in the error term to account for the possibility of residual serial correlation in the time series data for each income quintile. The income quintiles are for households and refer to those in the consumer expenditure survey summary tables, and no modifications in the definition of quintiles have been made.
 The model does not make use of the micro-level data in the consumer expenditure survey, and instead uses the average values for households in each income quintile. Thus the elasticity estimates are for an average vehicle-owning household in a given income quintile. Because the model incorporates the change in vehicle stock as well as the change in fleet fuel economy, the elasticity estimates can be described as short-run.
Results of the estimation are presented in Table 3. Wadud et. al. (2007) report a U-shaped price elasticity of demand among the different quintiles, with maximum price response in the lowest income group. Elasticity then decreases until the third quintile and then again increases up to the fifth quintile. This U-shaped response is likely a result of different patterns of substitution between travel modes among different quintiles, and the relative amount of discretionary and non-discretionary travel.
  
In addition to these group-wise elasticities, we derive aggregate elasticities, as the market price of the permits will depend on the aggregate demand response of all individuals. We estimate a separate econometric model with the same econometric specification as Eq. (2). We use, for expenditure and vehicle stock, the weighted average of all households from the consumer expenditure survey summary tables, corrected for vehicle ownership (following Wadud et. al. 2007). Fuel economy and price data come from the Transport Energy Databook (Davis and Diegel 2005). We then run a simple OLS regression with first-order autocorrelated errors on the 20 observations from 1984-2003.

Table 4 presents the results from our aggregate fuel demand model for vehicle owning households. We find a price elasticity of 0.3. For a given change in the price of fuel, the sum of changes in fuel demand for each income quintile using quintile-specific elasticities by Wadud et. al. (2007) would give the aggregate change in the demand for fuel. This matches very closely
 with the change in aggregate demand using our aggregate demand elasticity. The very high adjusted R2 for our estimation is a result of the autocorrelated error structure. 
5.2 Modelling welfare change

The log linear demand specification in Eq. 2 gives rise to the following consumer surplus change for an increase in price from P1 to P2.
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Following Hausman (1981), the corresponding CV is:
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For a given policy (tax rate or quantity target), the market price P2 can be determined from the price elasticity of the national aggregate model (Table 4). Post policy fuel consumption (G2i) for each income quintile can then be found by substituting the new market price P2 into the individual demand equations, for which the parameters are already estimated in Wadud et. al (2007) and shown in Table 3. Finally, with P2, G2i, income elasticity (αi) and price elasticity (βi) known, ∆CS and CV’s are calculated. Added to these, is the rent accumulated from the permits. Variable values corresponding to time period 1 refer to initial conditions in the year 2003. Corresponding expenditures and fuel consumptions are collected from 2003 consumer expenditure survey summary tables.
6. Results

In the following sections we present the distribution of relative burdens among households in response to a hypothetical 15% reduction in carbon emission or gasoline consumption. Utilising the aggregate price elasticity, this corresponds to a gasoline credit price of US$ 1.20 per gallon. This is also equivalent to implementing a tax of US$ 1.20 per gallon of gasoline and recycling the revenue lump sum to different allocation units in the population following the allocation strategies discussed in Table 2. This 15% reduction corresponds to a carbon tax equivalent of US$500 per ton of carbon, which is much higher than the optimal carbon tax reported in National Research Council (2002) of US$50 per ton. Our very high estimate may be the result of considering only one sector of the economy and the efficiency gains possible from inter-sector trading.  We are also not attempting to determine the optimal level of reduction.
 The very high carbon price is also a direct result of relatively inelastic demand for gasoline.    
6.1 Welfare effects of different consumer responses
The difference in welfare measures ∆CS and CV in determining the relative burden was found to be minor.
 We therefore do not present ∆CS results except for examining the effect of no consumer response, which cannot be calculated with a CV measure. In Figs. 2 to 4, the results for three burden measures are presented: consumer surplus for no demand response, CV assuming the same elasticity for all income groups and CV assuming different elasticities across the groups. These results are for an allocation strategy where every individual receives equal permits.  

Fig. 2 depicts the distribution of relative burden for different income groups as well as the national average for all households. The policy would be progressive if successively higher income groups bear an increasingly higher relative burden, and proportional, if all were having the same relative burden as the national average. Taking all the groups together, it can be seen that the policy is strictly progressive for the no demand response case, whereas, for the demand response cases, it is slightly regressive between the two wealthiest quintiles, but progressive otherwise.
 Within individual quintiles, there is a noticeable difference between no demand response and demand response cases, especially among the lower income quintiles, although, the difference in the two CV measures is small. Quantitatively, the no demand response case shows less welfare loss (and higher welfare gain), which is in apparent contradiction to the hypothesis that ignoring the behavioural response would overstate the burden. The previous explanation considers the welfare effects of the tax/tradable permit induced price increase only. We are, however, estimating the additional effect of free permit allocation as well, which is equivalent to recycling back the tax receipts P1EGP2 to the consumers (Fig. 1). Thus, if there is no consumption response to the price change, the recycled tax receipts equal the aggregate loss in welfare, and there is no net economic loss (Fig. 2, national average). On the other hand, for the demand response case, there is a dead weight loss (CDE in Fig. 1) to society, which is shared by the households (Fig. 2, national average). 
Figs. 3 and 4 present the distribution of relative burden for a vehicle-owning and a non-vehicle owning household respectively. The income quintiles, however, remains same as before. This means that the average household in any quintile in Fig. 2 represents the weighted average of the corresponding households in Figs. 3 and 4, the weights being the percent of households owning or not owning a vehicle in that quintile. Since a substantial proportion of the households in the lowest income quintile do not own a vehicle, the household in the lowest income quintile of Fig. 3 represent only 64% of all households in that quintile. Similarly the household in the first quintile of Fig. 4 represent the remainder 36% of households in that quintile.  
The effect of different burden measures is evident for the vehicle owning households (Fig. 3). The no demand response case again gives lower welfare losses for the reasons stated above. As before, relative burdens are different depending on whether the behavioural response is incorporated or not. The effect of different elasticities for different groups is more pronounced in Fig. 3, especially for the three bottom quintiles. The lowest income quintile is of special interest, as the relative burden, assuming different elasticities for the different groups, gives a lower relative burden than the other two measures. Overall, vehicle-owning households in the lowest income quintile are less well off than those in the immediately higher income quintile. The policy is generally progressive, but the fourth quintile which represents middle to upper-middle incomes has a relatively greater burden than the wealthiest income group.
 These results, which show subtle differences between sub-groups in the relative burden supports our decision not to use the Suits index (Suits 1977) as a summary measure, as it would not be able to extract these features in the distribution. 
The relative burden is strictly progressive for households not owning any vehicle (Fig. 4). This corresponds to a welfare gain of US$ 580 for the lowest income quintile to US$ 1000 for the highest income quintile. Thus, the non-gasoline intensive travel pattern of these households is compensated by a large reward. The tradable permit system thus provides a significant incentive not to drive a vehicle. The wealthiest households gain more, as the average household in that quintile is larger than that in the lower income quintiles, therefore earning more permits. However, households in the lowest income quintile still benefit more as a proportion of their income, as evident in Fig. 4. 
Although vehicle owning households among the lowest income quintile suffer a welfare loss (Fig. 3), as vehicle ownership is progressively higher in higher income quintiles, there are more households in the lower income quintiles that have welfare gains (Fig. 4), as compared to welfare losses, and this makes the policy progressive (except in the wealthiest quintile), when all types of households are considered (Fig. 2). 
6.2 Effect of different allocation strategies on relative burden distribution

Figs. 5 and 6 show the effect of different permit allocation strategies on the distribution of relative burden. Of those allocation strategies analyzed for all households, three are found to be progressive over the lowest four quintiles.  These are an equal allocation to every individual, allocation to vehicle-owning households only, allocation on a per-capita basis, and allocation to vehicle owners on a per-vehicle basis (Fig. 5). Among these strategies, the lowest income quintile benefits more from a policy of equal credits to every individual.  This is because a large share of households in that quintile does not own a vehicle and these households benefit from the free permits which are distributed (Fig. 4). Wealthier households bear less of a relative burden for both of the allocations that distribute the permits only to vehicle-owning households. In general, wealthier households are relatively less well off when the government does not distribute permits to those who do not own vehicles. This also results in a higher average burden, as government receipts are not directly available to consumers. 

An equal allocation to every individual, with or without the government retaining the non-vehicle owners’ permits, results in the same relative burden for vehicle-owning households (Fig. 6). Since the non-vehicle owning households do not benefit if the government retains their credits, those who do not drive are essentially subsidizing the carbon-emitting households. Vehicle-owning households from wealthier quintiles benefit more from allocations to vehicle owners, especially from a per-vehicle basis allocation (Fig. 6). Allocation on a per-vehicle basis makes the strategy reasonably proportional (Fig. 5) between vehicle-owning households.
For all the allocation strategies mentioned above (except when welfare is measured without a demand response) the highest income quintile always has lower relative burden than the fourth income quintile, although their absolute change in welfare is higher. The possible explanation is that the average income of the wealthiest group is pulled up because of the presence of large outliers in this group. 
6.3 Comparison with previous research
The only other work that models the incidence of a gasoline tax is that of West and Williams (2004). Their price elasticity estimates are a linear function of expenditures, thus their elasticities decrease linearly with successively higher expenditure quintiles, whereas our model used income quintiles and found a U-shaped elasticity relationship with income quintiles. Their analysis of returning gasoline tax revenues in a lump-sum to household’s best matches the tradable permit system analyzed here. A lump-sum payment is equivalent to a policy of equal allocation of permits to each household in the tradable permit context. Although we have not considered equal allocation to every household among our initial allocation strategies, for the purpose of comparison, we analysed this option for a permit price of US$1.02 per gallon and compare this with West and Williams’ (2004) results in Fig. 7.
 It is found that West and Williams’ (2004) welfare loss for the four wealthiest quintiles are higher than our results, but overall the policy is still progressive. Given the different pattern of elasticity estimates by income group found by West and Williams (2004) this suggests that the welfare effects are primarily due to the transfer of income, rather than due to the actual elasticity of demand.  This suggests that our overall result is quite robust.
7. Conclusions
A tradable carbon permit system for the personal road transport sector has been analyzed with a focus on the distributional implications in a partial equilibrium framework. Alternative permit allocation strategies have also been evaluated. Since different income groups can have different responses to fuel price increases, alternative price elasticities for the groups have been used. As an overall presentation of relative burden among all households may obscure the regressivity among vehicle-owning households, we report the effect on an average representative household, as well as vehicle-owning and non-vehicle owning household. 

For an equal allocation to every individual, the traditional approach of assuming no demand response shows lower welfare loss as compared to the behavioural response case. The difference in welfare measures assuming the same elasticity of demand for all groups, and different elasticities for different groups may be large in some quintiles, especially when vehicle-owning households are considered. 
An equal allocation to every individual makes the strategy regressive for the vehicle owning households of the two lowest income quintiles. However, non-vehicle owning households in the lowest quintile gain sufficiently from the free permits to make the strategy progressive overall. Between the highest two quintiles, all the allocation strategies are relatively regressive, affecting the fourth income quintile with middle to upper middle class incomes, more regressively than the wealthiest quintile.

The progressivity of the policy depends on the permit allocation unit and an adult only allocation is progressive among vehicle owning households as well as for all households. Allocations to only vehicle owners make the vehicle owning households better off as compared to allocation to everyone. Per-vehicle based allocation makes the policy fairly proportional for vehicle-owning as well as all households. 
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Fig. 1 Loss in consumer surplus to households for price response and no response case
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Fig. 2 Distribution of relative burden on all households for different income quintiles, with allocation of credits to every individual
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Fig. 3 Distribution of relative burden on vehicle-owning households for different income quintiles, with allocation of credits to every individual
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Fig. 4 Distribution of relative burden on non-vehicle owning households for different income quintiles, with allocation of credits to every individual
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Fig. 5 Effect of allocation strategies on the distribution of relative burden for all households in ifferent income quintiles
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Fig. 6 Effect of allocation strategies on the distribution of relative burden for vehicle-owning households in different income quintiles 
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Fig. 7 Comparison of results with West and Williams (2004)
Table 1: Measures of burden and different allocation strategies reported in this paper

	
	Allocation strategy
	Denominator in calculating a unit of credit 
	Demand response
	Burden measure*
	Household type#

	1
	Credits are distributed to all, on a per-capita basis 
	Total population
	No response,

Equal response for all quintiles,

Different response for different quintiles
	CS 
CV

CV
	V, NV, Avg.

	2
	Credits are calculated on a per-capita basis,  however they are distributed only to vehicle-owners, non-vehicle owners’ credits are retained by government to recover administrative costs
	Total population
	Different response for different quintiles
	CV
	V, Avg.

	3
	Credits are distributed to vehicle owners only, on a per-capita basis
	Sum of all individuals in vehicle- owning households
	Different response for different quintiles
	CV
	V, Avg.

	4
	Credits are distributed to only vehicle owners, on a per-vehicle basis
	Total vehicle stock
	Different response for different quintiles
	CV
	V, Avg.


* CS- Consumer Surplus, CV- Compensating Variation

# V- Vehicle-owning households, NV- Non-vehicle owning households, Avg.- Weighted average

Table 2: Basis for burden calculation in different studies

	Reference
	Year
	Type of tax
	Type of effects 
	Treatment of income
	Treatment of burden
	Behavioural response

	Zupnick 
	1977
	Gasoline
	Direct
	Annual income
	Annual
	No

	Poterba 
	1990
	Gasoline
	Direct
	Lifetime, proxy by Annual expenditure
	Annual
	No

	Casler & Rafiqui 
	1993
	Gasoline
	Indirect 
	Lifetime, proxy by Annual expenditure
	Annual
	No

	Fullerton & Rogers
	1993
	Income
	Indirect
	Lifetime, modelled
	Lifetime 
	No 

	Rogers
	1993
	Gasoline, alcohol 
	Direct
	Lifetime, modelled
	Annual 
	No 

	Jorgen & Wilcoxen 
	1993
	Carbon 
	Indirect
	Annual income
	Annual 
	Yes

	Goulder 
	1995
	Carbon 
	Indirect
	Annual income
	Annual 
	Yes

	Chernick & Rescovsky
	1997
	Gasoline
	Direct
	Annual income and lifetime income (11 year average) 
	Annual
	No

	Metcalf 
	1999
	Environment
	Indirect
	Annual income, Lifetime, modelled
	Annual
	No

	Walls & Hanson 
	1999
	Vehicle emissions
	Direct
	Lifetime, modelled
	Annual 
	No

	Dinan & Rogers 
	2002
	Carbon
	Indirect
	Annual income
	Annual 
	Yes

	West
	2004
	Pollution
	Direct
	Annual income
	Annual
	Yes 

	West & Williams
	2004
	Carbon
	Direct
	Annual income
	Annual 
	Yes


Table 3: Gasoline demand elasticise for different income quintiles (Wadud et. al. 2007)
	 
	
	Poorest quintile
	Second quintile
	Third quintile
	Fourth quintile
	Richest quintile

	Income
	Coeff
	-0.067*
	0.465
	0.381
	0.387
	0.086*

	 
	Std. err.
	(0.113)
	(0.110)
	(0.134)
	(0.110)
	(0.174)

	Price
	Coeff
	-0.351
	-0.219
	-0.203
	-0.263
	-0.293

	 
	Std. err.
	(0.064)
	(0.046)
	(0.055)
	(0.041)
	(0.057)

	Stock
	Coeff
	0.464
	0.171*
	0.475
	0.306
	0.671

	 
	Std. err.
	(0.131)
	(0.101)
	(0.208)
	(0.129)
	(0.177)

	Fuel economy
	Coeff
	-0.922
	-0.992
	-0.819
	-0.822
	-0.749

	 
	Std. err.
	(0.079)
	(0.081)
	(0.099)
	(0.072)
	(0.143)

	Constant 
	Coeff
	11.078
	5.479
	5.789
	6.019
	8.974

	 
	Std. err.
	(0.944)
	(0.918)
	(1.204)
	(1.101)
	(1.741)


* statistically insignificant at 95%, all others statistically significant
Table 4: Aggregate gasoline demand model 
	Dependent variable
	ln(gasoline)

	Explanatory variables
	coefficient
	Standard error

	ln(income)
	0.414
	0.120

	ln(price)
	-0.300
	0.038

	ln(stock)
	0.278*
	0.193

	ln(fuel economy)
	-0.836
	0.050

	Constant 
	5.989
	1.169

	Autocorrelation coefficient
	-0.552
	

	Adjusted R2
	0.999
	

	No. of observations
	20
	


* statistically insignificant at 95%, all others statistically significant
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� Parry (1995, 1996), Goulder (1998), Bovenberg and Goulder (1996), and Cramton and Kerr (2002)


� The refineries however can reduce their total carbon-content of fuel sales, by changing the fuel-mix sold, with more renewable, lower carbon fuel (e.g. ethanol) in the mix.


� Stavins (1995) showed that transaction costs, which arise from searching information, bargaining, decision making, monitoring and enforcement, play an important role in determining the efficiency of a tradable permit policy. A downstream market with millions of participants will be a very liquid one and gives a much better price signal than a small upstream one, reducing search, information and bargaining costs. In an upstream permit market, it is likely that the search, information and bargaining costs will be higher  Stavins (1995) suggests that the transaction costs are likely to be much lower if there are more players in the market, which is the case here. 


� Top-up shops are regular groceries, post offices, phone card shops and other retail shops, where pre-paid mobile phones or congestion charges (as in London) can be credited to the account electronically.  


� From an ecological perspective this takes into account the natural carbon absorption ability of the ecosystem.


� In theory, the best solution is for carbon permits to be traded between all sectors of the economy. The present analysis, however, only analyzes the personal road transport sector. 


� A household with five persons may have greater travel needs than a household with one person. 


� The per-capita allocation also may have minor equity pitfalls. Each person may not have the same travel needs, e.g. those living in urban and rural areas. Also, a multi-person household has more options than a single person household to change travel patterns and may use the permits more efficiently.


� Many industrialized countries provide subsidies for children and this may be another way of achieving this.


� See Dahl and Sterner (1991), Sterner and Dahl (1992), Dahl (1995), Goodwin et al. (2004), de Jong and Gunn (2001), and Graham and Glaister (2002a, 2002b) for a survey of existing literature.


� Friedman (1957) argued lifetime income explains the consumption pattern better than annual income, and accordingly Poterba (1990), Metcalf (1993) and Casler and Rafiqui (1993) suggest using annual expenditure as a proxy for lifetime income. 


� Poterba (1990) and West and Williams (2004) used expenditure quintiles.


� We ran a similar regression with average annual income, instead of annual expenditure and the U-shaped response is preserved.


� The difference is 3.7%


� Much of the science research suggests that to achieve climate stabilization, much higher levels of carbon reduction are needed, maybe as much as 80%.  UK government targets are focussed on a 60% reduction by 2050 relative to 1990 levels (HM Government, 2006).


� This is similar to Willig (1976) and West and Williams (2004) findings that the measures do not differ by much.


� The absolute burden (change in welfare, measured in US$), however, is strictly progressive for all three welfare measures.


� Absolute burden, however, is progressive among the top four quintiles as wealthier households own more vehicles and they drive more.


� West and Williams (2004) consider a tax increase of US$1.02 per gallon over existing taxes
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