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Introduction: In this paper we consider system dynamics (SD) modelling of tradable transport permit schemes (TTPS). TTPS are complex and uncertain, having not yet been implemented beyond experimental trials anywhere in the world, yet have for some time been suggested as an efficient and equitable policy response to reducing car-based travel and its associated externalities.
Method: Although there is a large number of econometric models that explore the potential of TTPS, there have been none published (to our knowledge) that have used the SD approach. SD is an appropriate method for developing our understanding of TTPS efficiency and equity as it captures feedbacks and tracks the influence of the TTPS over a period of time. Thus, we have developed an SD model of TTPS, drawing from the literature that already exists. It is a micro-level model that considers heterogeneity within a population on a daily basis over a matter of months. We carry out sensitivity testing of price sensitivity, initial permit price, daily preference and permit allocation and develop combined scenarios of these attributes.
Results: Our modelling results suggest a sensitivity of TTPS to heterogeneity across the population, which will influence the final equilibrium price. Trading encourages a redistribution of wealth across the population but may also mean that some travel needs are not met, which may require some allocation according to need or a certain portion of protected permits. The inclusion of non-car users within the allocation further encourages trading behaviours and allows for compensation for externalities of car use.
Discussion: Through an analysis of outputs we are able to bring new insights into the governance frameworks required for a successful TTPS. In particular we have shown the importance of allocation considerations in the design of a TTPS when issues of fairness across the population are considered. Although there is no data of existing schemes available for us to calibrate our models, we compare the trends with data from an in-the-field TTPS experiment.
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1 INTRODUCTION
In this paper we consider system dynamics (SD) modelling of tradable transport permit schemes (TTPS). TTPS are an alternative to road pricing or taxation as an economic response to reducing congestion and environmental externalities. Despite being first proposed in the 1970s, and with much interest in the past 50 years, none have been implemented in practice. Academic studies have suggested that tradable schemes are more cost effective and equitable than conventional fiscal policy instruments, and have been considered and trialled by policymakers, but have many outstanding considerations regarding their development, governance and execution. New and emerging technologies (and their related data) offer potentially reliable and efficient opportunities to introduce such schemes. In combination with other new mobility services (such as car or bike sharing) and as part of Mobility-as-a-Service packages that could revolutionise the way we make our transport decisions within a carbon constrained environment. TTPS can be either alternatives for or complementary to road pricing, a policy that is currently being considered in the UK (and elsewhere), due to expected falling tax revenue as fleets are electrified. de Palma and Lindsey (2020) determined that a TTPS can be more efficient than pricing under certain conditions, e.g., when capacity is constrained, offers more flexibility, and better accounts for “unseen” externalities. A further advantage over road pricing is that there is no net monetary flow from users to governing authorities, but rather is between users (Brands et al., 2020).
Emissions trading at a country or industrial level, as an economic instrument to achieving GHG emissions have now been in place for a number of years, such as the EU Emissions Trading. On an individual level it is more problematic with many complex feedbacks and uncertainties. For this reason, SD offers a suitable approach to understanding the key relationships and significant variables that could lead to the success or failure of a TTPS. Although there is a large body of econometric models that explore the potential of TTPS, there have been none published (to our knowledge) that have used the SD approach. SD is an appropriate method for developing our understanding of TTPS efficiency as it captures feedbacks and tracks the influence of the TTPS over a period of time. Thus, we have developed an SD model of TTPS, drawing from the literature that already exists. It is a micro-level model that considers heterogeneity within a population on a daily basis over a matter of months. Through sensitivity testing and analysis of outputs we are able to bring new insights into the governance frameworks required for a successful TTPS.
The remainder of this paper is set out as follows. We first describe TTPS design considerations (policy target, allocation method and trading rules) that were considered to build the SD model. We have a particular interest in using the SD model to consider if a TTPS could be developed that would be expected to reduce car use and emissions while not increasing (or better reducing) transport related social exclusion. In Section 3 we present the model structure, describing the relationships and equations that have been implemented in the model, followed by presentation of our baseline results and sensitivity tests, allowing discussion of the TTPS sensitivities revealed by this model. Although there is no data of existing schemes available for us to calibrate our models, we compare the trends with data from an in-the-field TTPS experiment. The Results section details the baseline scenario, model sensitivities and a number of scenarios that represent heterogeneity within the population, such as daily preferences, car-dependence and price sensitivity, in order to assess the potential equity implications of the TTPS. Our results suggest that allocating permits according to need can lead to efficient and equitable trading whilst meeting policy targets. Although this is a simple model, such insights are important for the promotion and design of such schemes which may be introduced in the near future.
2 TRADABLE TRANSPORT PERMIT SCHEMES
Tradable permit (or credit1) schemes are being proposed as an alternative to road pricing or taxation, which lack public acceptance (Dogterom et al., 2018), as an economic response to reducing congestion and environmental externalities, though have not been implemented in practise (Brands et al., 2020). First proposed in the late 1,960 s (for water pollution) (Verhoef et al., 1997; Fan and Jiang, 2013), the theoretical cost-effectiveness of tradable permits was proven in the early 1,970 s (Verhoef et al., 1997), and was considered for road transport in the late 1,990 s (Fan and Jiang, 2013). As defined by Dogterom et al. (2018), tradable transport permits are commonly understood as the allocation of “individual proportions of car use to drivers based on an aggregate target (formulated in, for example, units of distance or fuel consumption) that can be used and traded according to personal aspirations and prevailing market prices.” Variations in tradable permit schemes, and their advantages and disadvantages are set out in Table 1. The complexities of such schemes raise many issues of fairness and governance (Fan and Jiang, 2013), with the process of initial allocation being the most politically sensitive (Grant-Muller and Xu, 2014).
TABLE 1 | User-Oriented tradable permit road transport schemes [based on (Verhoef et al., 1997; Fan and Jiang, 2013; Grant-Muller and Xu, 2014)].
[image: Table 1]There is growing literature regarding TTPS. The general potential of such schemes and state-of-the-art reviews have been revisited by numerous authors since the late 20th Century and increasingly over the past decade (e.g., (Verhoef et al., 1997; Raux, 2004; Raux, 2011; Fan and Jiang, 2013; Grant-Muller and Xu, 2014; Dogterom et al., 2017; Krabbenborg et al., 2021) There have been numerous studies analysing proposed schemes from both economic [e.g., (Gao and Hu, 2015; Fan et al., 2016; Lahlou and Wynter, 2017; Miralinaghi and Peeta, 2018; Mladenović et al., 2019; de Palma and Lindsey, 2020)] and socio-political perspectives (e.g., (Goddard, 1997; Wadud et al., 2008; Harwatt et al., 2011; Wadud, 2011; Dogterom et al., 2018). Drawing from this literature, we propose that a robust TTPS governance framework requires the following features: Policy Target; Allocation and Trading Rules.
2.1 Policy target
The policy target is to be set by the regulator in line with policy objectives, and should be in consultation with key stakeholders, though the policy objective itself may not be directly measurable (Raux, 2004). Targets include emissions, vehicle technology, fuel use, car ownership, VMT, trip rates or parking (see Table 1). Problems for determining the target mainly relate to having something that is measurable and monitorable, in particular for collecting baseline data (Grant-Muller and Xu, 2014). The measured unit should be the best way of achieving the desired objective. Selecting a target reduction is aspirational but could be unachievable (i.e., a target of zero would mean no travel at all). Assessing and deciding how much could be achievable requires numerous value judgements and normative assumptions that could make it problematic. A target that is too achievable could be seen as a waste of time. An alternative to this could be to set no reduction or to not allow any growth, though this would not tackle existing problems. Therefore, the best target would be to consider what is a manageable level (of congestion or emissions)—though this in itself would likely be accepting (indeed allowing) that some suffering is permissible (through air quality related health, noise, stress etc., as well as environmental degradation). In short, when deciding on the policy target, all options raise issues of monitoring and enforcement (see Section 2.3 Trading Rules), partially due to their spatial and temporal nature, but also through difficulties due to data collection. One option for overcoming this could be through smartphone applications (Brands et al., 2021).
2.2 Allocation
Acceptability of road pricing schemes is low (most commonly due to freedom and fairness concerns) but sensitive to socio-demographic factors, and public opinion favours tradable schemes over taxation (Dogterom et al., 2018), suggesting the design of the TTCS and allocation of permits would require detailed decision making. Assuming that a policy objective and the unit/form of measurement is agreed, then an initial number of permits to be distributed that correspond to achieving the target is required. This may be subjective to the unit of measurement, and could be integrated with the process of initial allocation. A key part of this may be through addressing the questions who should be allocated permits and how should permits be allocated between them. Many papers assume an initial group and allocation method (e.g., fair shares or by historic use) (Goddard, 1997; Brohe, 2010; Harwatt et al., 2011; Grant-Muller and Xu, 2014; Burgess, 2016; Lahlou and Wynter, 2017), though de Palma and Lindsey (2020) suggest that allocation needs further research. Most proposed schemes adopt a free initial allocation, though some require payment (Fan and Jiang, 2013). In most cases the scheme being considered includes the whole population of a country, hence there is no need to discuss who should be included in the allocation, though there are some mentions on if it should be per person (drivers, passengers, no-car), household or vehicle and if children should be included. There is no critical analysis of these choices. Bristow et al. (2010) carried out a stated preference survey on the acceptability of personal carbon trading. They found a preference towards permits including children and including additional allowances according to needs. Wadud et al. (2008) and Wadud (2011) consider personal carbon trading (credits) for transport focusing on fuel use. The former paper reported on four different allocation strategies, relating to equal shares (per capita or per vehicle, including or excluding non-vehicle owners), concluding that allocation to all individuals can be regressive for vehicle-owners, especially those who are lower-income The second paper evaluated TTPS allocation strategies with respect to cost efficiency, equity and effectiveness and found that similar allocation strategies attained carbon reduction targets but an individual allocation is more progressive across all households, though per vehicle allocation is more proportional.
In addition, it should be expected that the overall permits within the scheme could be reduced over time in line with the policy target, and assumed that this will be reduced proportionally across the permit holders. However, there also needs to be a mechanism for including newcomers into the scheme. One approach to this may be to have a certain amount of permits that are unallocated and held by the government that could then be released when needed. If these were included in the trading it would not be appropriate for the government to profit, though there may be some argument that some funding for the implementation and monitoring of the scheme may be required. Otherwise, the scheme would not be open to newcomers within any one trading period—leading to questions on how long this period should be. Under this situation the assumption would be that the newcomer would not be able to obtain their free allocation within their initial trading period, but would be able to enter the trading scheme to purchase permits.
2.3 Trading rules
Many papers suggest that there are only two actors–provider and the user, though in reality there may be several institutions involved in the provision (e.g., planning/design, operation/customer service, monitoring/enforcement) (Fan and Jiang, 2013). Trading itself should only occur between individuals, with no government or private profit [an advantage over road pricing (Brands et al., 2020)] though small costs to cover transaction fees may be imposed. However, the requirements will likely create large administration costs, so research into contractual arrangements with operators is required and several components of TTPSs would likely be subject to regulation rather than the free market, so subject to government inefficiencies in decision making (Fan and Jiang, 2013). For instance, speculative purchasing must be prevented to ensure the fairness of the system. It can also not be overlooked that some parties may be tempted to sell permits and opt for less desirable levels of accessibility if they have less financial capital to begin with. It is to some degree arguable that it is up to the individual how they value commodities, and as at present, more affluent individuals travel more, and so would require more. Should the initial allocation be equitable, and poorer individuals are willing to sell, then this could be acceptable. Another area of control would be the period of validity of the credits. Where some experimental schemes considered weekly credits (Brands et al., 2020), others advocate for a longer multi-period approach (Miralinaghi and Peeta, 2018). Two important aspects of ensuring trading rules are adhered to, and that the scheme operates as theoretically planned, are monitoring and enforcement. The success of these is dependent on initial design and choice of objectives that are measurable within real-time and there are mechanisms in place to prevent abuse. This is critical in success as the prevalence of abuse will not only lead to scheme failure in achieving the desired target, but also public mistrust and acceptability (further embedding scheme failure).
3 SYSTEM DYNAMICS MODEL
The described governance framework is complex and uncertain. As such System Dynamics (SD) is an appropriate approach to addressing our problem. In the SD method, stocks and relationships, including feedbacks and delays, that drive the system are identified, in order to create a quantitative simulation model.
In this work, we present an SD approach to assessing TTPS, a micro-level model that represents the daily behaviours of individuals over a period of weeks. Although SD has been increasingly applied to the understanding of transport policies and schemes (Shepherd, 2014), to our knowledge there have been no published studies regarding a TTPS, though it has been used to study road user charging (Sabounchi et al., 2014; Jia et al., 2017; Naumann et al., 2022) and non-transport tradable permits (Zhao et al., 2019; Yu et al., 2021). This model was developed for the purpose of improving the understanding of the key interactions of a TTPS in order to assess the required design of the governance framework. In particular we focus on the impact of price sensitivities, travel needs and permit allocation on scheme success and equity across different groups. We do not model the possibility to avoid peak travel—it is a permit to travel on a given day irrelevant to time of travel.
A quantified stock-flow model has been built, partly drawing on Brands et al. (2020). One limitation of SD in this study is that SD is conventionally used to study aggregate behaviour, but tradable permits are dependent on the actions of heterogeneous individuals. In order to operationalise, we use representative sub-groups.
The stock flow model comprises of five stocks representing the Permits Held and Used, the Permit Price, the Bank (of Permits) and Individual Group Budget. Although a relatively simple model, it contains six feedback loops. Of particular importance is the Balancing loop between Demand, Use and Price. The model runs over a time period of 100 days, using a time-step of 0.25 days, though assuming a 5 day work week (i.e., weekend days are omitted). It was implemented in Vensim DSS 5.7 a using Euler integration. The key model equations are described in this section (note that apart from stocks, time subscripts have generally been omitted for simplicity), and the full model documentation is provided as Supplementary Material.
3.1 Policy objectives and permit distribution
In this model, we do not explicitly define what “car-use” is, though nominally assume a baseline Current Use (CUi) of 1 unit a day per car-user in group i for a 5 day work week. In this way it could be considered, for example, daily use, distance, zonal entry, parking or a tour to and from a place of work. Keeping a generic use in this simple model will allow future models to be developed for different measurements. Weekly Allocation of permits (AW,i) is determined by Equation 1. The model includes 11 representative groups i), where individuals within each group are assumed to have identical behaviour. Each group contains one individual I) in the base case, meaning the groups can be scalable. Ten of these groups are considered as car-users and one as non-car-users. Therefore, an overall weekly current car use across all individuals is 50 units. The Policy Objective (PO) is the amount by which the authorities wish to reduce the car use, and is 0.6 in the base case—so there are 30 permits available. We assume equal distribution (Ai) of the total permits across car-user groups in the base case (0.1), so each group (which consists of one representative individual in base) is allocated 3 (free) permits per week, and are allowed to use up to one permit per day. In the base run, we do not consider allocation to non-car users, and all car-users are assigned identical attributes.
Equation 1: Weekly Allocation of Permits for each group
[image: image]
3.2 Permit availability
The weekly allocation of permits to each group (AW,i) is an inflow into the stock of Permits Held (PH,i) (by each group) at the start of each week. PH,i (Equation 2) accumulates permits not only from this inflow but also through any Permits Bought (PB,i - Equation 3), which occurs when the Daily Permit Use (PUi) is greater than the target daily use of the authorities (i.e., the daily allocated permits). Conversely, they are depleted when Permits are Sold (PSi - Equation 4). It is assumed that groups will each day sell any excess permits when PUi is lower than target (AWi/5). In reality the group may also trade speculatively in response to the Permit Price or acquired knowledge, which is not considered in this model—see later explanation under “Trading”. There are two further out-flows which govern the PHi: PUi and Weekly Reset (RWi). PUi (which cannot be more than 1/day), is equal to Permit Demand at any point in time (PDi) (see later for details), and is also the inflow rate of the stock Used Permits (UPi (Equation 5) which is used to determine Permit Price (PP). It is also reset every week (URWi). RWi removes any residual permits that have not been used or sold at the end of each week, as per the scheme design. Groups do not get any income from these residual permits.
Equation 2: Permits Held Stock for each group
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Equation 3: Permits Bought for each igroup
[image: image]
Equation 4: Permits Sold by each group
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Equation 5: Permits Used Stock for each group
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3.3 Trading
As described previously, groups buy and sell permits according to their Daily Permit Use (PUi) and the Weekly Allocation (AWi), so in effect we model convergence to a daily target. In reality, groups may also retain permits for a day later in the week, choose to buy and sell speculatively, or indeed be motivated to sell even if demand is not met. In this simple model, we do not include speculative transactions (though recognise the importance of these in trading behaviour), and assume that the minimum needs of groups are adjusted through their price sensitivities in the demand equation (see later). Additionally, although trade takes place between individuals, it is not direct person-to-person. In this scheme design, we follow that of Brands et al. (2020), who provide an intermediator Bank to manage the transactions. Thus, the stock of permits within the Bank at any time (PB) is determined by the rate of permits being bought (PBi) and sold (PSi) across all individual groups i) (Equation 6). Within such as scheme, the Bank would be run by an independent party (e.g., the local authority or agent/contractor thereof), who would not profit from the transactions, but it should be noted that the costs to run the system itself (which could be high) may need to be covered. Part of the role of the Bank is that additional permits (above the total within the system) can be purchased so that demand can be met. This may mean that in the initial short term, more permits enter the system. However, as this evolves, this means that the permit price will rise further before the targets are reached and a price equilibrium occurs. In this case, the payment for these additional permits is not transferred to other users in the system but is retained by the bank (and could be used to cover some costs)—so is analogous to road pricing for those permits used above target. Note that if the initial price is too high then the bank is at risk of buying permits which are not used as users would rather sell than travel at the target level.
Equation 6: Bank Permits
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3.4 Permit price
The Permit Price (PP) is modelled as a stock (Equation 7), with the Change in Price (Δ) characterised in Equation 8 by a constant change in price (δ, equal to 0.1), determined by the balance between the total Permits allocated (Q) and a co-efficient (α, equal to 0.05), relative to those held (Zt) or used (Ut) by all individuals in the system at any point in time. Therefore, the price will rise if the amount of permits held or used within the system (Zt + Ut) exceeds those allocated (so if the bank has sold excess permits), and will fall when they are less than the initial allocation. The target is to reach equilibrium when there are no greater or fewer permits in the system than allocated. This is based on the work of Brands et al. (2020), though they did not include the co-efficient α, which we included in order to smooth the convergence towards an equilibrium price as part of the heuristic price setting algorithm. In the base case we start at a unit price of 1. What is not included directly here is a direct transaction cost, which could be implemented in the scheme in order to restrict speculative profiteering, as in this simple model we do not include speculative purchasing.
Equation 7: Permit Price Stock
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Equation 8: Dynamic Permit Price (Brands et al., 2020)
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3.5 Permit demand
In this model, demand is always met, as although trading between individuals is desired for reaching a target equilibrium, additional permits over those distributed to groups can be bought from the central Bank, as dictated in the relationship between Daily Permit Use (PUi) and Permits Bought (PBi). PDi is determined by the Desired Car Use (DCUi), Permit Price (PP) and Price Sensitivity (PSi) (Equation 9). Under base conditions, we assume a DCUi of one permit per day for each group (based on current use). We assume a linear demand function w.r.t. PP for simplicity and allow groups to have different PS in later scenarios. As PP increases, PDi reduces, and vice versa. We assume that all individuals have an equal PSi in the base case (0.1). In effect, PDi should tend towards the target daily use (AWi/5—which is equal to 0.6 at a PP of 4 units in the base case).
Equation 9: Permit Demand for each group
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DCUi for each group is governed by the Daily Preference (DPi) and Current Group Use (CUi) (Equation 11). Under Base conditions, groups are considered to have no preference on which day of the week they choose to use their allocated permits (which is three per week in the base), so their DPi is equal to one for each day. However, in reality, each individual may have days with certain commitments that could require car use, or that the alternative has a higher cost to them. In later scenarios, we replicate this with an adjustment factor to DCUi, DPi, that gives a higher or lower weight to certain days that a group may prefer non-car, given the choice. In this simple model, this pattern repeats every week, however, it is conceivable that it could alter over time, not only as travel needs change, or for those with no regular preferences, but also in response to price signals they may notice (e.g., if many people travel on a certain day there may be higher demand for permits and thus a higher permit price—the individual may be thus motivated to either sell a permit, or not buy one as intended).
Equation 10: Desired Car Use for each group
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3.6 Budget
The final section of the model to consider is the Budget stock (Equation 11). Here, the model replicates the personal budget of groups (Bi) as determined by the income from selling permits (PIi) and outgoing spend of buying permits (POi). We start the simulation with an initial budget (IBi) of 25 units for each individual, but do not assume any income other than through selling permits. Through this stock we are able to assess the financial burdens on the specific individuals and resulting equity issues.
Equation 11: Budget stock
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4 RESULTS
4.1 Baseline
In the section we briefly describe the model behaviour under baseline conditions, as follows:
• Policy Objective: 0.6 (of current use)—leading to 3 units each car group per week
• Current Use: 5/week for each group (all equal—car only)
• Individuals: one in each group
• Allocation: Equal across all car users (i.e., 3 permits each car group per week)
• Price Sensitivity: 0.1 for each group (All equal)
In the base case, where all groups are homogenous, no trading occurs (as we approach the equilibrium price from below): no group sells their permits, so permits additional to those allocated are bought directly from the bank (so analogous to road pricing or excess permits). Shown in Figures 1, 2, all groups are behaving homogenously and Permit Price grows uniformly until hitting an equilibrium of 4 units after ₹ (6 weeks) in line with the expected price given the price sensitivity of 0.1 and target use of 0.6 (in other words, individuals reduce weekly car trips from 5 to 3). Thus, this equilibrium is reached by groups using their permits for their own purposes and at no costs to them once in equilibrium.
[image: Figure 1]FIGURE 1 | Micro-level SD Stock-flow model (red elements are constant inputs that are varied in sensitivity testing and scenarios).
[image: Figure 2]FIGURE 2 | Permit price and daily car-use of car user groups under base conditions.
The increase in permit price over the initial period until an equilibrium point is reached corresponds with behaviour observed in the only “in-the-field” tradable transport permit experiment that we are aware of (Brands et al., 2021). Although our baseline did not include any permit selling (other than excess bank permits), the rising price is comparative as there is net buying in the scheme until equilibrium. This experiment involved two groups of participants taking part in a parking permit experiment for a period of 2 weeks on two consecutive occasions. Participants were given a starting budget and did not use their money, but were allowed to keep anything left at the end. An increasing price was observed here, evidence that participants were acting rationally, and that as the price increases the willingness to actively participate in the experiment also increases. As the experiment only lasted 4 weeks for each group (and 8 weeks in total), it appears that this was not long enough to reach an equilibrium point. However, it would appear that the price increase for both groups in the second period may be rising at a slower rate and reaching an equilibrium for group B. One note of the authors was that (due to the participation incentivisation design of the experiment) a number of participants were not fully active in their responses (see the paper for full details on this). Another observation was that as the experiment progressed, participants were beginning to respond to the gained knowledge that prices would rise towards the end of the period and thus began to change behaviours by buying permits (pcoins) earlier in the week when the prices were lower. We accept that this is a limitation of our model in that our population are not able to change their behaviours in this way.
4.2 Model sensitivities
Building on the baseline behaviour, we have subjected the model to some sensitivity testing to demonstrate the suitability for policy testing.
4.2.1 Coefficient alpha and price change delta
Two constants that could prove to be highly influential on the operation of the model are the coefficient α and price change δ that help determine the Permit Price in Equation 8. Therefore, we have carried out sensitivity tests for both of these inputs under the baseline condition. Using univariate random uniform distribution across 200 simulations we tested α over the range of 0.01 and 0.1 (base value = 0.05) and δ over the range of 0.01 and 0.5 (base value = 0.1). We find that the Permit Price has no sensitivity to α over the baseline conditions. On the other hand, we find significant sensitivity to δ. When the δ is higher than base, the equilibrium permit price is reached sooner (as may be expected), when lower it takes longer (and in some simulations an equilibrium price is not reached within the time frame of the simulation). However, not all values of δ lead to a flat line equilibrium under baseline, and indeed when both α and δ are varied together we obtain oscillations in permit price around the equilibrium price. This is a heuristic optimisation problem as we are using fixed values for α and δ. Using a fixed value for price changes was seen to be easy to understand from the user perspective. For our purposes, the choice of value is somewhat arbitrary but does bring a constant equilibrium in base line so will be used within our simulations.
4.2.2 Price sensitivity
Under baseline, all ten car-using groups have an equal sensitivity to the permit price of 0.1. We now test the sensitivities of our model to this by assigning differing sensitivities to this and between groups, as set out in Table 2. PS1 and PS2 also have equal sensitivities but of double and half the value of the base, so trading does not occur. PS3-5 have differing values between groups but with the same average sensitivity as the base. In this case, trading does occur as those with lower price sensitivities are encouraged to sell, though only from a number of weeks into the simulation. It is possible that a lower policy objective at the start that is gradually increased could encourage a transition while the price is increasing, and could also mitigate additional bank permits.
TABLE 2 | Group price sensitivities.
[image: Table 2]4.2.2.1 Permit price
Shown in Figure 3A, price sensitivity of individuals has a significant influence on the key model outcomes, in particular the determination of the time to target and final equilibrium price. As would be expected, lower price sensitivities lead to a higher equilibrium price and a longer time to reach the target, as demand itself is greater due to a higher willingness to pay. This pattern is dependent on the average price sensitivity across all individuals, set out in Table 2.
[image: Figure 3]FIGURE 3 | Price Sensitivities (A) Permit price (inset PS7 equilibrium price); (B) Final Weekly Use; (C) Final Budget.
Note that all scenarios except PS7 result in a flat line equilibrium. PS1 and PS3-6 have the same average price sensitivity, yet unequal sensitivities between groups (some symmetric, some asymmetric). It should however be noted that certain average price sensitivities can lead to non-constant equilibrium, similar to the effect of varying α and δ as discussed in the previous section. Of course, in reality it is unlikely that price sensitivities will results in a “neat” equilibrium, and this is to an extent an algorithm effect from the heuristic price setting we have employed to keep simplicity. As an example, PS7, is shown where all group sensitivities are 0.11. We see there an oscillation equilibrium between 3.527 and 3.7 (0.175 units), a slightly lower value than Base (as average price sensitivity is higher). Comparing this to the results of an app-based lab-in-the-field experiment (Brands et al., 2020) (where permits were theoretical), the permit price was also found to fluctuate but mostly stay within an equilibrium range (inset image in Figure 3). In explanation of the shape of the fluctuation, total permits held and used are within the co-efficient, α, of allocated permits (see Equation 8: 30 ± 0.05) for the first day, so there are no price changes triggered. There are enough permits held to meet individual needs, with more being sold (by those with higher price sensitivity) than being bought (by those with lower price sensitivity). The excess permits in the system exceed α in day 2 hence a negative price change occurs, leading to an increase in demand until once again the permit availability and demand is in equilibrium within α towards the end of day 3 and into day 4, where a new price equilibrium is reached. During this time, permit sales have been lower than permit purchases and so by day 4 banked permits are negative leading to the total number of permits within the system being more than the total allocated permits + α (30.05), leading to an increase in purchase price and a decrease in demand. Thus, we see how the purchase price equilibrium is sensitive to unequal sales and demand (trading), as well as to α and δ, which was not apparent in the simple cases. Although these price fluctuations may be more realistic, it should also be considered that users may not react well to rapidly fluctuating prices. It should however be noted that we have already damped the price response with the α coefficient to ease the understanding of a slow response compared to more reactive approaches, and that our time-step is only 0.25 – so transactions are carried out 4 times a day rather than the more frequent price changes in the experiment of Brands et al. (2020).
4.2.2.2 Permit use
When considering heterogeneous price sensitivities between groups, we see that trading allows those with the lowest price sensitivities to travel more than those with higher sensitivities. This is again due to the higher willingness to pay. This has the benefit to those with higher sensitivities that they are more willing to sell their permits (and gain the income), but at the same time, this could mean that their travel needs are not fully met, as they have effectively been priced out of the market, though they have been compensated, unlike an analogous road pricing scheme—as trading is occurring in the equilibrium. To demonstrate this, Figure 3B shows five different scenarios where there are differing sensitivities between individuals. These have been selected in such a way that the average sensitivity across individuals is the same in each scenario (and as the Base scenario)—as this determines the permit price and time to target. Under all price sensitivity scenarios, including the base, the policy target of a 60% reduction is met (hence the equilibrium price being achieved), and the same number of overall trips are achieved. However, we can clearly see that those with higher price sensitivities reduce their car use more than those with lower price sensitivities (as would be expected), but also that they are compensated for this, having the highest final budget, due to selling permits as well as buying less. For instance, under PS6 when each group has a different price sensitivity, group one, which has the highest sensitivity, reduces their car use to 1.4/week by the end of the time period, but also has the largest remaining budget of around 121 units (see Figure 3C). This selling (and related trading) does not initially occur—for the first weeks of the scheme it is similar to road pricing (for excess permits), because the starting price is low enough that those with high price sensitivity prefer to buy rather than sell. Our budget model here is relatively simple as we started off each group with the same amount in their budget (25) and allowed a negative budget to show the costs to each group (with an as assumption that that budget is available from elsewhere). However, the total final budget (across all groups) is the same in each scenario (158.88), therefore we can say that the total budget is redistributed within the population in different ways. If we consider that these higher sensitivities indicate the least affluent in society, then we can suggest that the trading offers a fair distribution of funds. However, there is some caution with this assumption, as it could also leave those vulnerable to over-sacrificing essential travel needs. It is noted that this total final budget of 158.88 units is lower than the initial total budget of 250 units. This discrepancy arises from initial permits being bought from the bank before any are sold and trading begins—as in our scheme this can be allowed. This “loss” of income to the bank could be mitigated by increasing the initial permit price (which we have not modelled in this study)—though if it is set too high, the bank could equally risk losing money if permits are sold when there is no demand. Alternatively, starting with a lower objective with a gradual increase over a transition period could also mitigate these effects.
4.2.3 Daily preferences
As explained previously, we recognise that it is likely that individuals may prefer to use their permits on specific days of the week. We tested the impact of these preferences by assigning two out of the five weekdays a lower “Desired Car Use” (0.9) than the remaining 3 days (1, the same as base). In DP1 all groups have a different preference pattern, in DP2 there are five preference patterns each assigned to two groups, and for DP3-6 all groups have the same preference pattern (which differs between DP3-6—M,Tu,W; W,Th,F; Tu,W,Th; M,W,F). It should be noted that as we do not model speculative or reactive trading (see earlier explanation) and we are modelling a daily target, that this approach of representing daily preferences is illustrative rather than demonstrating the exact behaviours that we would expect in a real-life scheme.
4.2.3.1 Permit price
We found that when this is implemented in the model, the permit price hits an “oscillating” equilibrium as the average permit sensitivity differs day by day (Figures 4A, B), though staying with an equilibrium range we discussed previously. We accept that this may be partly due to the heuristic price change function, as the variation is similar to what we found in PS7, though there is non-etheless some interesting dynamics to be observed regarding use (see next section). Firstly, although all follow the same uniform increase in price over the initial period, equilibrium is found (generally) at a lower level than the Base and more quickly. This is due to a lower overall average daily Desired Car Use than base, which in turn influences the average price sensitivity, which we have already identified as determining equilibrium price. In the Base, the Desired Car Use is assumed to be one for all groups for all 5 days. However, the oscillation differs between scenarios, despite overall price sensitivity and daily preference being the same. DP1 and 2, which demonstrate heterogeneity, result in the same patterns in permit price, oscillating between 3.5 and 3.65 (0.15 units). DP5 and 6, with preferences mid-week and evenly spread across the week, oscillate between 3.475 and 3.7 (0.225 units) and 3.475 and 3.725 (0.25 units) (resp.). However, the two extreme cases, DP3 and DP4, occur when preferences are at the start or end of the week, and note that these two scenarios have opposite trajectories in Figure 4B, as prices rise before falling for DP3 and fall before rising for DP4. In these cases, the equilibrium price is higher than base for DP3—oscillating between 3.925 and 4.1 (0.175 units) and much lower than other scenarios for DP4, which oscillates between 3.075 and 3.325 (0.25 units).
[image: Figure 4]FIGURE 4 | Daily Preferences: (A): Permit price; (B): Equilibrium permit price; (C): Final weekly permit use; (D) Final banked permits.
4.2.3.2 Permit use
As previously explained, in these scenarios, two of the 5 days have a daily preference lower than 1, so the overall average is lower than base. Shown in Figure 4C, we find that most scenarios result in almost meeting the target of 30 permits a week (once in equilibrium), with DP1, 2 and 5 being slightly above and DP6 being marginally below target, whereas the extreme scenarios DP3 and DP4 obviously are below and above target. Furthermore, we can see in Figure 4D that in these cases there is either a deficit or surplus of permits. In the extreme case of DP3, the desired driving days are at the start of the week, meaning a general increase in permit use earlier on (greater than the target of 0.6/day), so none are sold to the Bank, causing the Bank to produce more permits to meet demand and pushing up the price throughout the week. However, it is also the case that as demand reduces at the end of the week (below the target use of 0.6/day), excess permits are sold back, so the target reduction is over-reached (28/week). Whereas, in the other extreme case, where preferences are at the end of the week (DP4), equilibrium is met much earlier at a lower price, but misses the desired target reduction (32/week). Although a small number of permits are sold at the start of the week when demand is low, none are sold when demand increases towards the week end, so the Bank produces more permits and the target is missed. When the preference days are spread out across the week, as in DP5 and DP6, the trading is more balanced and the equilibrium is closer to the 0.6 daily target. This finding indicates the importance understanding the heterogeneity in society when it comes to daily travel preferences in the achievement of targets and distribution of permits. What we have not represented here is the impact of changing preferences across the weeks, speculation or reacting to expected price changes, merely that the daily preference is lower than base on certain days. What is revealed by this approach is that daily preferences can influence the equilibrium permit price in profound ways that merit further investigation in future work.
4.2.4 Allocation
Within this project we are interested in the design of a governance framework that would allow a TTPS to achieve a reduction in car use, without increasing social inequity. Key to this design is the method of allocation of permits to individuals, as this recognises existing issues of transport related social justice. Two approaches to allocation that are alternative to equal distribution across all car users are: inclusion of non-car users, and allocation according to need. In Table 3 we set out alternative permit allocations (of 30 total permits) between groups. All other attributes (price sensitivity, desired preference, current use) remain as in the base case. In A1—A3 non-car users are allocated permits equal to, double of and half of (resp.) that of car users. A4-A8 have unequal allocation between car-users, with and without non-car users.
TABLE 3 | Allocation of permits to non-car users and according to need (Individual share of total permits with number of permits in brackets).
[image: Table 3]4.2.4.1 Permit price
Under all allocation scenarios the permit price increase and equilibrium price are the same as under the base scenario. This is because the total number of permits available in the system is always the same so permits are sold and permit demand is always met in the same way. Where these differ from base is in the trading behaviour as permits are now traded between groups within the system (though in different ways in each scenario), rather than only buying excess permits from the bank as in base.
4.2.4.2 Permit use
As would be expected (because price is determined by demand), total permit use is also identical to base for all allocation methods.
4.2.4.3 Transactions and Budgets
What is interesting when considering the different allocation methods is the change in transaction behaviour and resultant impact on individual’s budgets. Under the base case no permits are sold across the whole time period. When non-car users are allocated permits, and car-users have equal allocation, permits are sold at a constant rate. Note that in this model the sell rate is dependent on available permits (Equation 6), not in reaction to demand. So early in the time period, when permit price is at it’s lowest, daily use is high, but there are less permits available to sell. Furthermore, when car-user groups are allocated more permits than are needed on an individual day, then a proportion will sell permits (and tend towards a reduction in travel in the same way as groups with lower need—see later when price sensitivities are also accounted for). On the other hand, car-user groups with a lower allocation than is required are needing to buy permits, which they do when price is lower than their group equilibrium price in the early part of the simulation, and are available for needs to be met due to the higher sales than in the base case.
As is demonstrated in Table 4, these complex transactions instigated by the different allocation methods lead to very different final budgets for each group than the base case where all car-users were equal and non-car has the same starting budget (as they did not have any permits). As with the base, all scenarios still incur additional permits in the early days bought from the bank in addition to those being traded with non-car, so some money is lost from the system, though all scenarios have the same final total budget (so the same amount is given to the bank in the early days). Thus, when non-car are allocated permits, they are capable of making profit (a compensation for the externalities of car-use) at the expense of car-users. So, we get the same end use and permit price, but all car-users are out of pocket compared to base case (where trading did not occur), and non-car users retain more of the total budget. At this stage, when the system is in equilibrium, trading is occurring between car-users and non-car-users, and is more efficient than base as it reduces money transferred to the bank. Likewise, when car-users are allocated amore permits for higher need, they can sell permits for a profit (though we accept in reality they may need to use these—see later when sensitivities are added). Alternatively, this could be seen as a compensation to them for the additional hardships they may face for reducing their car-use compared to other car-users.
TABLE 4 | Final budgets under different allocation methods.
[image: Table 4]4.3 Combined scenarios
For more realistic scenarios we are required to consider combinations of the sensitivity tests we have carried out on price sensitivity, daily preference, allocation, as well as considering different allocations of current use and group size.
4.3.1 CS1: Non-car group size
In the base model we have only one non-car group, represented by one individual. As we assume that each individual makes one trip per day, then this would be about 9% of trips. In the UK, around 68% of commuting trips are by car (though this is 27% in London) (DfT, 2021). There are many people who do not use a car (either by choice or inability), and so it can be argued [and has been—e.g., Wadud (2011)], that permit systems may only be fair if permits are allocated to all across the population, and this may even include children. As such, we would expect the group size for the non-car to be much larger than the 9% we have considered so far. In the following combined scenarios (see Table 5), for CS1 and CS2, we have increased the non-car group size to 10 (CS1.1 - so equal car users) and 20 (CS1.2—so more than car users). To test an extreme case we also consider what would happen if it is not known who are the car-users and non-cars users so an assumption is made that not only the non-car group is the same size as car-users, but also that they are also car-users with the same desired trip rate (CS1.3). In reality, this would not be a method of allocation as we would expect authorities to have knowledge of total number of trips (e.g., through traffic counts) and be able to identify car users (e.g., through car ownership). For all of these scenarios both permit sensitivity and daily preference are set at the base case.
TABLE 5 | CS1 scenarios.
[image: Table 5]An increased group size of non-car users (CS1.1, CS2.1) does not affect the permit price, or number of banked permits, as shown in Figure 5A, B. This is because although in both cases the car users are allocated less permits, there are sufficient permits available to purchase from the non-car users (and excess from the bank) to meet demand in the same way. For our extreme case, CS1.3, we see that permit price actually becomes negative (we accept this is not plausible and is for illustration only) as the market has been flooded with permits for trips that would never have been carried out in reality. We have a total number of 60 permits within the system, yet only 50 trips are required to meet car-users preference of one trip/day. Thus, although the number of permits used is reduced so the target would seem to be met—there is no real reduction in trips. This shows the importance of establishing baseline activity on which to base the permits issued and allocated.
[image: Figure 5]FIGURE 5 | CS1 (A) Permit price; (B) Banked permits; (C) Final budget.
What is also interesting is the effect on the individual final budgets (Figure 5C). Recall under base conditions that the Bank can produce extra permits to meet demand, which takes some money out of the system. This still occurs in CS1.1 and CS1.2, but in CS1.3 there are enough permits sold to the bank to more than meet demand. Once the non-car group is increased then car-users are required to spend much more (as they require more permits to meet their demand), but each non-car individual earns less money (as permits have been shared with a larger group). Again, this shows careful consideration should be given on who is included in the allocation to ensure that the correct people are compensated (for example could be the difference between allocating to households or individuals). We see a quirk in the model regarding the extreme case CS1.3—permit prices are negative, but as per the scheme design individuals are forced to sell permits - so in effect the non-car group are paying the car users to take the permits. This is clearly not an optimal scheme design. A further difference from the allocation only scenarios is that we find that the overall budgets are not constant between scenarios—whereas in the base we have an overall budget of 184, this drops to −772, −1,161, and 1,626 in CS1.1, CS2.2 and CS1.3 respectively. This is because there are more permits in the system than the base case.
4.3.2 CS2: Allocation according to price sensitivity
In the allocation according to price sensitivity tests, set out in Table 6 (where current use is set at 5, the same as base), we considered the impact of individual price sensitivity to permit price, finding that heterogeneity in price sensitivity can effect equilibrium permit price and lead to those more highly sensitive to price travelling less, but earning more income. This could be seen as an adequate re-distribution of wealth, but on the other hand could mean than travel needs are not met by the highly price sensitive (who may already be more vulnerable in other ways). Similarly, we have considered how allocating more permits to groups with specific needs can allow targets to be met at the same permit price as the baseline, but with additional needs compensated for. In other words, if an individual is more price sensitive, then they qualify for additional needs, hence should also have a higher allocation. For all of these scenarios both daily preference and current use are set at the base case.
TABLE 6 | CS2 scenarios.
[image: Table 6]Under all of these scenarios, permit price again follows the same progression as base, and targets are met. The equilibrium weekly permit use is the same as PS3 (where there is only a difference in price sensitivity), in that the higher price sensitive groups reduce to just two trips/week and lower sensitive groups reduce to four trips/week. As with our previous set of combined scenarios, the difference is once again in the trading behaviour and final budgets of the groups (Figure 6).
[image: Figure 6]FIGURE 6 | CS2 final budgets.
When allocating to price sensitivity (CS2.1), those with higher price sensitivity end up better off than both bases, A4 (allocation according to need, without accounting for sensitivity but including non-car users), and PS3, than those lower sensitivity worse off. Therefore, in CS2.1, although those with higher price sensitivity may still reduce their travel more than the lower price sensitive, they sell their permits to be compensated for that. If non-car users are included in the allocation with the same number of permits as the low sensitive group (CS2.2), they are slightly worse off than in the non-car base, as are all car-users to CS2.1, though only marginally. The final CS2.2 budget for non-car users is similar to A4 indicating that allocating car user permits according to need does not affect the compensation to non-car users.
In CS2.3, with a halved permit allocation to non-car (compared to low sensitive car-users), then car users are similar to CS2.1 and CS2.2, though high sensitive users and non-car are much better off than A4 or PS3, at the expense of non-car users. However, non-car are less well off than CS2.2 due to their half allocation. Thus, reducing the non-car compensation has limited benefit for car users. A larger non-car group (CS2.4) leads to all groups being worse off than CS2.1 and CS2.2. Therefore, in areas where there is a large portion of non-car users, allocation to that group may be more problematic (politically) towards car-users, and the allocation portion to non-car users would have to be carefully tested.
From the above discussions, we can conclude that allocating towards price-sensitivity needs can be beneficial for those with high price sensitivity without detriment to non-car users, but the fairness of doing so across the whole population is dependent on group size being accounted for. In reality the challenge of doing so would be in identifying those with higher price-sensitivity, as this could either be related to income or additional needs (e.g., unable to use other modes for some reason).
4.3.3 CS3: Allocation according to price sensitivity and daily preferences
In addition to assuming that those with higher price sensitivities may have additional permit needs, then one could also assume that those individuals may have specific days that they are most sensitive to. Therefore, as set out in Table 7, we have developed seven scenarios to understand how this may impact the success of the TTPS.
TABLE 7 | CS3 scenarios.
[image: Table 7]Shown in Figure 7A, the seven CS3 scenarios result in a different equilibrium price than the base and single scenarios, which is lower and non-constant. This is because half of the car-users have both a lower current use (of 3) and daily preferences. Due to the dis-equilibrium the policy target is not quite met (24.03 permits are used per week instead of 24).
[image: Figure 7]FIGURE 7 | CS3 (A) Permit price; (B) Daily permit use; (C) Final budget.
The final budgets for CS3 are shown in Figure 7B. Comparing the final budget to CS2.2 (allocation according to price sensitivity), when there is a lower current use with a daily preference associated with the high price sensitivity (CS3.2), low price sensitive car users are slightly better off, whereas other groups are slightly worse off. The highly sensitive groups most benefit in CS3.4 and CS3.5 (and more so than under CS2.2), but at the expense of other groups. Under CS3.6 and CS3.7, with a non-car group size of 10, all groups are worse off. Thus, from these results, we can deduce that when accounting for daily preferences and current use in line with price sensitivities, it is important to allocate to need and to include allocation to non-car users, as this allows compensation to non-car users with limited impact on car-users.
As could be assumed by the identical permit price behaviour, the same permit use behaviour is happening under all CS3 scenarios. Similar to our findings regarding price sensitivity in Section 4.2.2.2 where we showed that groups with lower price sensitivity reduced their trip less than those with higher price sensitivity, we found that the higher use groups did not reduce their car use in line with targets, reducing from 1/day to around 0.85 rather than 0.6 (Figure 7C). On the other hand, the lower use groups reduced their car use to much below their 0.36/day target (reducing use from 0.6/day to around 0.15 Tu, W, Th, 0.06 M and 0.09 F). So, even though they are compensated for their reduced use, their higher price sensitivity may mean they make a greater sacrifice then their low sensitive counter-parts, as they start at a daily permit use lower than their desired current use (0.54/day) due to the price sensitivity. Although this is due to our assumptions, in that permit transactions are dictated by price sensitivities, this may highlight an argument for providing protected (non-tradable) allowances.
4.3.4 CS4: Disequilibrium in group size
In our final combined scenario (CS4) we test the impact of large groups which drive a small amount compared to small groups who drive a large amount. We set groups 1–5 as having 3 days per week of current use but a group size of 5, whereas groups 6–10 are kept as base levels. In this case, similar to CS3, the equilibrium permit price is lower than base and non-constant. There is a higher initial number of initial trips (100), leading to a higher target number of permits (60), which is not quite met due to the dis-equilibrium (60.43).
Shown in Figure 8, both groups reduce their daily use, however Groups 1–5, which drive less but contain more individuals reduce their use more (overreaching their target by around 10%) than Groups 6–10 who drive more but are smaller. These do not reach their target of 0.6, missing it by around 20%. Thus, a minority of high-mileage drivers are benefitting at the expense of the majority low-mileage drivers. This may be seen as unfair (especially as generally higher-mileage is associated with high income), though what we do not account for here is the reason for driving, which for some could be legitimate car dependence.
[image: Figure 8]FIGURE 8 | CS4 Daily permit use.
5 DISCUSSION AND CONCLUSION
5.1 Policy recommendations
From the results presented in the previous section we have made the following observations:
• The TTPS modelled here with simple heuristic algorithms is sensitive to incremental price change, as well as heterogeneity across the population.
• Under baseline conditions with homogenous groups at equilibrium price no trading occurs and users simple travel the desired amount, which has reduced from the initial value. Prior to reaching equilibrium there is a transition period where the bank sells permits to meet demand and this can result in money leaving the group of users depending on price and demand. In our case, prices were initially low so that users paid the bank for excess permits.
• There are two types of equilibrium. Under baseline, where no trading occurs between the homogenous groups, the target is met and people have simply come to the equilibrium where permits are used for their own purposes. In the other forms of equilibrium, which occurs in all heterogeneous scenarios, trading occurs between groups and some groups will continue to pay each week for their travel needs while others receive that money in compensation for accepting a lower than preferred travel level.
• Trading (by car-users) does not occur at the start of the scheme if the initial permit price is set too low. Although policy objectives may be met (or close to being met) in all scenarios modelled here once an equilibrium permit price is achieved, this may not have equal impact across the population. Those with higher price sensitivities sell their permits, which allows for a re-distribution of wealth across the population, but this may lead to travel needs (possibly of the most vulnerable) not being met.
• Allocation of permits according to need may be required to redress this and could provide some further compensation but could still lead to needs not being met. In this case we think “protected permits” could offer a solution.
• Having different daily preferences in the population will influence the equilibrium permit price and final budget of an individual. This heterogeneity across the population will more-or-less even out at an aggregate level, but if preferred days are homogenous then targets could be missed.
• Including non-car users within the allocation allows for compensation for those who may be effected by the externalities of car use and encourages trading rather than purchasing additional permits from the bank. This then leads to further expense for the car users, the size of which is dependent on the number of non-car users in the population and the portion of permits allocated to them.
From this we can provide initial policy recommendations. First and foremost we would advocate for TTPS being considered within the policy options to reduce private car trips, as we have shown that targets can be met (if price sensitivity matches the target). This could be in relation to a road pricing scheme (Pattinson et al., 2022). Clearly, an accurate understanding of baseline behaviour is fundamental as this will be the determinant of the number of permits available. With increasing access to real-time, “real-world” data from new and emerging technologies this may become realistic (Harrison et al., 2020). However, who is included in the allocation and how permits are allocated is an important facet of the fairness of a TTPS. In line with the Unfair Burdens Argument (Tank, 2020), a TTPS may be beneficial for those already more wealthy who can still pay for higher travel, whilst the needs of the less wealthy may be unmet. Although this will mean some redistribution of funds across the population it may not be enough to compensate, and those with specific needs regarding travel would need some protections within the TTPS. Therefore, any allocation within a TTPS would need to account for both price sensitivity and travel needs of existing car users. For example, a certain amount of permits may need to be protected (i.e., not tradable) so that all users are guaranteed a certain minimum amount of car use. In reality, this could be problematic. If everyone is allocated a portion of free non-tradable permits then many of these permits may go unused, or could push up car use for those who are currently driving below the threshold amount (who use them because they can). Some users with both high need and high price sensitivities may still wish to sell if the price is high enough, so allocating non-tradable permits (or even an exemption entirely from the TTPS) may be required. It is also conceivable that if there is low price sensitivity across the population then permit price may continue to rise and not reach equilibrium within a desired time frame. In such a situation, there may be a political decision regarding a maximum permit price that acknowledges that the reduction target is not met. In addition, we would strongly recommend that non-car users are included within the allocation, to ensure fair compensation for externalities. It could also be argued that those individuals could then be allowed to carry out a car trip should they wish, though we did not model this. Although we did not consider who to include as a non-car user (e.g., children), we did identify that the larger the non-car use allocation the greater penalty on car-users. Although decisions on allocation portion and inclusion are political, a model such as this can help form such debates. Finally, we recognise that our base case is somewhat arbitrary and that the sensitivity to incremental price change is related to the heuristic algorithms we have implemented, so recommend that starting price and price change behaviour could be modelled dynamically and proportional in future developments. Though there will be a balance here with the reliability of an infrequent price change that would encourage acceptability.
5.2 Limitations and future work
We have presented a very simple model of a TTPS, designed to illustrate high level policy potential of such a scheme. The TTPS that we modelled was simplistic with a basic assumption of one car trip per day over a work week of 5 days, rather than containing the detail of TTPS that have been proposed in the literature such as access rights, vehicle miles or parking (See Table 1). The credits themselves were only valid for a week, rather than being multi-period, and the initial allocation was free. These designs will influence the effectiveness and efficiency of schemes, and such scheme design considerations can be developed in future work. Our focus on price sensitivities, daily preference and allocation can clearly result in many more scenarios though we have presented those that we found the most interesting within this paper. Of particular note, the development of more detailed and nuanced daily preferences, reflecting both travel habits and trading behaviours, and the consideration of weekly use rather than the daily use we have modelled could greatly increase the insight that this approach provides. In other terms, the heuristic price setting approach which we adopted could be adapted to be more adaptive and goal-seeking.
In addition to the design of algorithms and scenarios, there are many other areas in which we could refine the model beyond the simple assumptions that we have made and detailed in our discussions. In addition to these, our future work could focus on more practical long term policy, such as the proposed combination of TTPS with road pricing (which could be local or national), or the TTPS design could be expanded beyond car use as part of Mobility-as-a-service packages to help plan a journey—more informed choices could accelerate the time to target as well as lower the equilibrium market price. Both of these could also provide interesting further conclusions regarding equity. However, it should be noted that this is a micro model to understand the expected weekly dynamics of such a system. For long-term impact the outputs from this model will be integrated in the well-established LUTI model, MARS (Pfaffenbichler et al., 2008), where travel is represented between specific OD pairs within a study area and it can be evaluated against other new mobility policies and schemes.
6 CONCLUSION
Tradable Transport Permit Schemes (TTPS) offer great potential for an equitable, efficient and sustainable mechanism for reducing transport externalities. However, no wide-scale schemes have been implemented in any country, facing criticisms of acceptability and complex scheme design. In this simple system dynamics model we have shown how transport-related inequality related to price sensitivities and needs can be considered in the design of a TTPS, which reduces car use and meets policy objectives, with equilibrium occurring with or without trading. Careful consideration is needed in the TTPS design, in particular regarding the allocation of permits across the whole population, to ensure it is equitable, efficient and sustainable.
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FOOTNOTES
1There are subtle differences between the terms credits and permits, but we do not have the room to discuss this here. For ease we use the term permit throughout this paper.
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