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Abstract

:

Switching energy demand for transport from liquid fuels to electricity is the most promising way to significantly improve air quality and reduce transport emissions. Previous studies have shown this is possible, that by 2035 the economics of alternative powertrain and energy vectors will have converged. However, they do not address whether the transition is likely or plausible. Using the UK as a case study, we present a systems dynamics model based study informed by transition theory and explore the effects of technology progress, policy-making, user preferences and; for the first time, automated vehicles on this transition. We are not trying to predict the future but to highlight what is necessary in order for different scenarios to become more or less likely. Worryingly we show that current policies with the expected technology progress and expectations of vehicle buyers are insufficient to reach global targets. Faster technology progress, strong financial incentives or a change in vehicle buyer expectations are crucial but still insufficient. In contrast, the biggest switch to alternatively fuelled vehicles could be achieved by the introduction of automated vehicles. The implications will affect policy makers, automotive manufactures, technology developers and broader society.
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1. Introduction


In order to keep greenhouse gas (GHG) emissions below the target of 450 ppm of CO2-equivalent in the atmosphere by 2050, it is necessary to reduce GHG emissions by at least 50% relative to 2050. To allow for growth elsewhere, for many industrial economies this translates into a reduction by 80% or more [1]. Furthermore, to compensate for sectors of the economy where this is too difficult such as aviation and construction, it is likely that road transport will have to reduce GHG emissions by 95% or more [2]. This is only possible with an almost complete move to electricity [1,3]. This electrification depends on the success of a range of technologies such as plug-in hybrid (PHEVs), battery electric (BEVs) and hydrogen fuel cell vehicles (FCEVs). It is argued that, all these technologies are likely to be needed in a future road transport system, each playing a different role [1,4,5,6].



Governments are aware of this and most are doing something about it and in recent years have been creating and applying a variety of policies and regulations with the aim of promoting the uptake of electric vehicles. However, such policies are understandably often influenced by other national interests such as energy security, local air quality and economic development [7]. They also seem to have failed to address the barriers and externalities effectively, as the uptake has been significantly slower than many of the targets that were set, except for a few isolated examples (Norway or the Netherlands) [4,8,9].



Many previous studies have identified barriers for uptake of technologies, that go beyond purely technological or financial [10,11,12,13,14]. They already contributed to the understanding of past and future transitions and their challenges how to manage these [15,16,17]—also for future mobility and transport [18,19,20,21] with a number of quantitative studies [22,23]. In summary, they outline that the uptake of low carbon technologies has been hindered by factors that go beyond pure technology (battery/fuel cell performance or lifetime) and financial barriers (capital costs).



Now, with the increasing number of vehicles being offered by manufacturers and the automotive industry investing in the ability to supply large numbers of vehicles, there is an urgent need to test existing and possible future policies and measures to see if they are likely to deliver the outcome needed.



Furthermore, there is another technology revolution, automated vehicles, which has the potential to radically change the way that we own and use cars. It has already been argued that it could change all assumptions about global demand for mobility services and hence invalidate all previous attempts at predicting future energy demand from transport regardless whether it is from liquid fuels or electricity [24]. But how realistic is this?



To answer these questions, this study uses a systems dynamics model to explore the influence of different policies and measures on the uptake of electric vehicles and GHG emissions. It then simulates the effect of automated vehicles in the model based upon simplistic but plausible assumptions to assess the potential impact of this technology on the plausibility of meeting the required GHG emission reduction targets.




2. Materials and Methods


This study builds upon previous work and combines the insight from socio-technical studies that provide an understanding of general barriers [10,11,15,16,17] with the quantitative (system modelling approaches) [19,20,22,25] to include feedbacks and the rate of technology progress (batteries and fuel cells), different policies for the transition to electric mobility in industrialized countries, the effects of different user expectations and a possible uptake of Automated vehicles—and compares these. This is done by exploring the effect of various assumptions in a systems dynamics model that are designed to emulate or simplify the effect of particular policies or technological developments or other efforts. By doing so this paper is not attempting to explicitly predict the future, instead to explore what is possible and what might be necessary in order to ensure particular scenarios happen. A description of the systems dynamics model is included briefly below, with a full description including the underpinning assumptions and equations outlined in Section 2.2 and Section 2.3. Such types of models [19,25,26] have already been used successfully in the past to describe the uptake of low carbon vehicles but have not drawn on the insights of socio-technical research or tested the implications of autonomous vehicles.



The model is used to explore faster technology progress, changing consumer preferences, different policies and the effect of automated vehicles on the uptake of electric vehicles. These scenarios are then compared to a business-as-usual control scenario with assumptions simulating the present-day situation as closely as possible. This goes greatly beyond recent studies that have discussed the impact of autonomous vehicles on GHG emissions only and did not consider the impact on the likelihood of the transition [24,27].



2.1. Model Overview


System Dynamics has proven its usefulness in a number of studies [25,28,29,30] which successfully explored the behaviour of systems during technology diffusion scenarios. And, recent research [22,31] has already outlined the possibility or started successfully incorporating parts of Transition Science and the Multi-Level Perspective into System Dynamics. Figure 1 outlines the approach that has been taken to conduct this study.



In past work [7], the transition problem has been analysed in a qualitative manner in order to determine what types of policies are suitable to satisfy the policy makers targets. To allow a model based analysis of the transition in a second step, model boundaries and the main parameters have been identified. This then led to the creation of a model that is specific to the identified transition policy targets. Between the third and second step there is an iterative feedback loop which is driven by this explorative modelling approach. The modelling approach itself follows a standardized system dynamics approach [32].



In past studies [33] it was shown that the UK government is focussed on environmental targets and especially the 80% GHG emission reduction by 2050. The UK also has industrial goals as it would like to support and grow its local automotive industry. This includes indigenous manufacturing of its foreign owned local car manufacturers as well as the local indigenous suppliers. A compatible pathway that can link the current state of the system with the desired future state of the system is the reconfiguration pathway—where the current regime players (car manufacturers) still exist but where suppliers will be replaced by new ones.



This implies that the change to electric vehicles is executed by the current main part of the regime (mainly automotive industry) that stays stable while the suppliers of the regime are replaced by new or currently niche ones. This implies that the existing automotive industry will be part of the model.



There are a number of compatible policy measures. They include the support of the supply side through subsidizing industry R&D projects as well as the support of the demand side through the help of subsidies. These can include infrastructure subsidies, vehicle purchase subsidies or tax reductions for low emission vehicles. However, while a number of compatible policies have been outlined it is unclear so far which ones are likely to be effective in reaching the targets outlined here.



Focusing on the environmental target in this study, the 80% GHG emission reduction by 2050 and taking into account the average lifetime of a vehicle, means that all newly sold vehicles would have to be zero-emission vehicles already before 2040. To describe this with the help of a simulation it is necessary to model the system that defines which vehicle type is sold—hence the market penetration of each drive-train technology: internal combustion engine vehicle (ICEV), PHEV, BEV or FCEV. And as the existing car manufacturers are expected to continue to exist and to deliver these vehicles, the model will not have to describe the evolution of this industry endogenously. Assuming all vehicle types are available, the vehicle sale itself and therefore the choice of the vehicle type is mainly determined by the customers who choose the vehicle. Therefore, it is necessary to model the customer choice of the vehicle type for each year. However, the values for these parameters depend on the vehicle type and are defined by the automotive industry that designs and builds the different vehicle types for the market. Hence the automotive manufacturers are also part of the model. The same goes for the infrastructure providers whose actions determine the availability of recharging/refuelling possibilities as well as the recharging time and hence this is also related to the decision preferences of the customers.



To summarize, a model that will look into the choice between the various vehicle types and therefore the diffusion of zero emission vehicles will have to include the following components (or actors) (cf. Figure 2):




	
Customer choice (choice of the vehicle type)



	
Automotive industry (provision of the different vehicle types)



	
Recharging/refuelling infrastructure providers (provision of recharging infrastructure)








It can be seen in Figure 2 there is one major feedback loop between the Customer (vehicle choice) and the Recharging/Refuelling infrastructure. There are also further exogenous factors such as the specification of the vehicle (Automotive industry) as well as the customers’ preferences or the operation cost of the infrastructure that can influence this major loop. However, the major loop is still the infrastructure availability and vehicle penetration loop.



The question is then, to what extent do the exogenous variables change the dynamic behaviour of the system and what dynamics are embedded into the system. And even more relevant for the discussion in this section, how do exogenously introduced policy variables such as subsidies, legislation or taxes affect this system?



The main outcome of the automotive industry part of the model is the availability and price of the vehicle drive train types. While in the current regime vehicles are mainly ICEVs, the future target requires the use of BEVs, PHEVs or FCEVs; though PHEVs should ideally operate mainly in electric mode. These three (BEVs, FCEVs and PHEVs) are referred to as niches in this work as they are currently the possible alternatives that are competing with the regime (ICEVs) as well as with each other. However, bearing in mind that a majority of the vehicles produced in the UK are exported abroad and a majority of the vehicle actually sold in the UK are imported from abroad, the influence that the UK has on the global provision of alternative vehicles is assumed to be negligible.



As a result, it is assumed here that the global automotive industry will dictate the types of vehicle technology, prices and specification of vehicle sold globally and in the UK. This is supported by the fact that the big manufacturers as well as lead markets for automobiles such as California have historically determined what vehicle types and solutions dominate [33,34,35]. As a result, the automotive industry and especially the provided vehicle types will be described in an exogenous way. This allows a variety of available scenarios [6] to be used that outline possible future vehicle types, prices, drive ranges etc.



The recharging/refuelling infrastructure providers provide the means to refuel or recharge the vehicle fleet. This is relevant for the model as the customer choice with regard to alternative vehicles is also influenced by the provision of recharging/refuelling infrastructure. While it exists for petrol, it is still limited for BEVs and PHEVs and hardly exists yet for hydrogen.



As this service is entirely provided by stakeholders within the UK and additionally can be directly affected by policy makers (e.g., through subsidies) it will be modelled in an endogenous way.



The customer component determines which type of the vehicle is chosen by the customers. In order to describe this part, it is necessary to know the preferences of the customer with regard to the various vehicle parameters. Furthermore, it is necessary to know how many vehicles are being purchased per year and how the stock is changing.



Hence a major part of the modelling is focusing on this aspect, especially as this is the main component that determines the diffusion of the vehicle types and therefore the satisfaction of the policy target.




2.2. Model Equations


According to UK Department for Transport [36] a number of specific characteristics are taken into account by the customer when they are thinking of the purchase of a low emission vehicle. These parameters are mainly (1) price (or total cost of ownership (TCO)); (2) the range and (3) the recharging/refuelling (cf. Table 1). The recharging/refuelling can be further split into recharging/refuelling duration as well as the availability of recharging/refuelling possibilities. These have been aggregated in a utility factor, with weights based upon a study commissioned by the UK Government [36]. While consumers may discount in their purchase decisions capital costs and operating cost differently, we have chosen not to separate these for their decision due to simplicity.



The market share of each vehicle type depends in our approach on the probability which vehicle type is being chosen. This is based upon a ‘multinomial logit choice’ discrete choice approach as already used in past studies [25,26,37,38,39,40]. More details on the specific discrete choice approach that has been applied in this study can be found in UNECE Transport Division [40,41,42]. Beyond that, Table 1 outlines the main model equations.




2.3. Data


This section outlines the initial values as well as sources for the various parameters: Table 2 the constant and initial parameters for the customer component, Table 3 for the infrastructure and Table 4, Table 5, Table 6 and Table 7 for the automotive industry.



The calibration of the model is difficult as there is hardly any data on the diffusion of the various vehicle types that goes beyond 2011, especially as the vehicle choice (PHEV and BEV) had been very limited—it is even limited right now in 2017.



Still with purchase data provided for 2011 until 2013 the model (cf. Table 8) and particularly the scale factors of the discrete choice model have been calibrated (cf. Table 2).




2.4. Assumptions


The result is based upon a number of assumptions. First, it strongly depends on how the prices of the vehicles will develop over time. There are a vast number of studies available on the future cost of different vehicle powertrains. However, in order to not study this, which will obviously favour the powertrain with the lowest cost, it has been assumed that all powertrains will converge to similar costs [6] and instead increases in funding for technology development will affect how quickly they converge. This means that this paper studies the effect of other measures.



Secondly in this model the automotive industry is described exogenously. It does not therefore provide any constraints with regard to the speed of setting up new manufacturing capacities that would provide the demanded vehicle types, ignoring any feedback between this and the policies introduced or consumer preferences. Also required investments into production capacities are not taken into account here. For example, it is entirely possible that the major players in the automotive industry could decide to support one technology over another and predetermine the future, but it is impossible to predict and therefore model this.



Thirdly, the effect of significant increases in demand for mobility services caused by the introduction of automated vehicles was not considered but as discussed in previous work, could lead to an increase in GHG emissions solely due to increased demand [24].





3. Results


3.1. Business-as-Usual Scenario


In order to explore how changes in technology, policy or consumer preferences affect the uptake of low emission vehicles, firstly, a business-as-usual scenario for the United Kingdom until 2050 has been simulated. Using a system dynamics model, the vehicle stock as well as the infrastructure is modelled. This model takes into account the long-term development of the total vehicle stock, current cost predictions for the different drive train technologies [6] and consumer preferences with regards the vehicle performance [36]. These preferences affect the consumer choice. Furthermore, to reproduce the influence of current policy, vehicle purchase grants for low emission vehicles (€6500) and for recharging infrastructure (75%) have been taken into account as well (maintained until 2025 in order to describe an optimistic case).



As shown in Figure 3, it can be seen that in the business-as-usual scenario the diffusion is not likely to satisfy the policy makers’ targets. The GHG emissions in 2050 are shown in Figure 8 and have only been reduced by about 30% and most transport energy demand is met with fossil fuels. The share of ICEVs only decreases by around 50% until 2050 and they are mainly replaced by PHEVs. Though PHEVs are expected to be driven mainly in full electric mode, this is insufficient to reduce emissions significantly enough. Furthermore, there is hardly any uptake of zero tailpipe emission vehicles such as BEVs or FCEVs.




3.2. Technology Optimistic Scenario


In the recent years, battery technology performance and cost have improved faster than expected [55]. In this scenario the cost curves for the PHEV, BEV and FCEV, between 2015 and 2020 (see Table 9 for changes) have been changed so they reflect a faster convergence against the predicted long-term costs from the business as usual case (see Method Table 7). The long-term costs of each alternative powertrain relative to the others, however, have not been changed as it is assumed in this study that the long-term assumptions will be still valid. This was also done to ensure that a winner is not predetermined, as it is all too easy to conclude that FCEVs will beat BEVs or vice versa just by playing around with the assumptions [56].



As shown in Figure 4 it can be seen that the move to PHEVs happens faster, while the overall result is similar to the one outlined in the reference case—hence technology progress on its own is not sufficient to reach policy targets, particularly as user preferences such as range anxiety still play a crucial role.




3.3. Changing Customers’ Preferences and Expectations


The consumer choice of a vehicle type strongly depends on the preferences with regards to vehicle range, recharging time and the TCO. To assess the effect of these preferences a sensitivity analysis on these buyers’ preferences, were varied one at a time with values of 0, 0.5 and 1.0, reflecting the extremes of each preference. As shown in Figure 5, the effects on the result for 2050 are shown on the right-hand side, against the business-as-usual scenario on the left.



The 4 graphs on the right illustrate each preference’s extremes (0, 0.5, 1), infrastructure availability, refuelling speed, vehicle range and TCO. The values of the other preferences are normalized with respect to the examined preference, so that they always add up to 1.



Figure 5 shows that the outcome is strongly affected by these parameters. The TCO has a significant impact on the outcome. As BEVs and FCEVs are cheaper to run the more importance the purchaser places on TCO the fewer ICEVs and PHEVs are likely to be bought and more BEVs and FCEVs. The effect of a known phenomenon, range anxiety, can also be reproduced. As BEVs suffer from range anxiety and long recharging times, the less importance the purchaser places on vehicle range the more BEVs are likely to be bought. An increase in the importance of infrastructure availability also leads to a higher share of BEVs. However, the diffusion of the recharging stations is driven in this model mainly by the uptake of PHEV. An increase in the importance of the refuelling speed favours PHEVs and ICEVs, as the recharging of BEVs takes more time.



Interestingly the results show that FCEVs do not reach dominance in any scenario. Furthermore, while the diffusion of ICEVs, BEVs and FCEVs peaks with extreme values of some preferences; this is not the case for PHEVs. This is due to the fact that these ‘hybrid’ vehicles combine the advantages as well as disadvantages of both BEVs and ICEVs.



As even in countries like Germany, with large indigenous automotive industries, the car industry chooses its technologies largely independently of the solutions favoured by policy makers [33], the only aspects that policy makers can influence are the availability of infrastructure, the economics of the different vehicle types and customer preferences. As discussed, TCO is the most important preference and the only scenario where ICEVs and PHEVs do not dominate and instead the zero emission BEVs and FCEVs dominate. Therefore, scenarios where the vehicle owner would value the TCO the most are worth further investigation. While such a scenario may not be likely for private vehicle owners, it might be more likely for owners of commercial fleets, such as car sharing, rental companies and fleet operators, as it can be assumed that owners of commercial fleets will be more likely to engage with low emission vehicles that lead to significantly lower running costs.




3.4. More Radical Policy-Making Scenario


If the current policy regimes are not sufficient to reach a higher diffusion of low emission vehicles one possibility would be to improve the TCO by introducing further financial incentives. This has happened in Norway, where such actions have led to a significant uptake of electric vehicles [8]. However, such policies require significant public expenditure that not every country can afford. Fleet emission limits, i.e., fines, are another method and put the burden of cost on the industry and/or consumer. In addition, cities could play an interesting leading role, as in order to comply with certain pollution limits cities like London have already introduced the Ultra-Low Emission Zone and the Congestion Charge which is free for zero emission vehicles and by 2020 this is expected to be £12.50 per day in London for polluting vehicles.



Figure 6 shows the effect of simulating an aggressive emissions tax from 2020, modelled as a tax on ICEVs of €3,250 (€16.25 fee for 200 days). PHEVs, BEVs and FCEVs are assumed to be exempt, including PHEVs as they could operate in urban areas in zero emission mode. For this scenario, it is also assumed that the purchase grant for PHEVs is phased out in 2020 and petrol taxes are continuously increased by 3% per year starting from 2020 onwards. Such measures lead to a diffusion scenario that is significantly more favourable for BEVs and FCEVs, however, the market is still dominated by ICEVs and PHEVs.



The results show that aggressive taxes on ICEVs has little impact except favouring PHEVs over ICEVs.




3.5. The Role of Automated Vehicles and Novel Business Models


In this scenario, the introduction of automated vehicles is expected to support a rapid increase of cheap car sharing and taxi schemes as drivers become obsolete.



There had been a lot of media coverage and discussion about how autonomous cars will affect different aspects of mobility and how they actually would look like [27,57,58,59,60,61,62]. However, as these discussions are at a very early stage and there is barely any data on the use—or design [63,64,65]—of self-driving taxis, this study has applied assumptions that describe the AV as a copy of currently operating taxis—though without a driver who needs to be paid. Staying as close as possible to the current reality, this way it was possible to focus solely on the interrelation between the AV technology as an enabler for self-driving autonomous taxis and the uptake of electrified drivetrains in general. Future research and developments, as well as commercial implementation of such services will provide data for more accurate modelling. The assumptions are listed in the following paragraphs.



Assuming that such vehicles fleets will be operated on a profit basis by commercial companies, it is therefore assumed the customer preference will be driven entirely by TCO as issues like recharging time, vehicle range and infrastructure availability can all be managed by the fleet operator. It is also assumed that the vehicle utilisation for automated vehicles, i.e., the annual mileage, is significantly increased to 57,750 km although its lifetime is reduced to only 6.6 years—reflecting the current use of taxis [66]. The model predicts this would lead to fleet owners purchasing solely zero emission vehicles, 93% BEVs and 7% FCEVs by 2050. However, the question remains how many private vehicle buyers will give up private ownership in return for automated taxi services.



As there has been done little research [67,68] on the answer to this question, in order to determine the effect of introducing automated vehicles, we have conducted a sensitivity analysis on different levels of substitution. In the pessimistic scenario, it has been assumed that only 10% of private vehicle buyers in 2050 would substitute their vehicle replacement purchase by the use of automated taxi services. For the extreme scenario, it is assumed that in 2050 100% of private car owners whose car has reached the end of life decide to adopt automated taxi services instead. Two scenarios assuming 25% and 50% are also explored. The rate of change from 2020 to 2050 is described through the help of S-curves, starting the replacement from 2020 onwards, when the first automated vehicles are assumed to reach the market.



These assumptions are made, not because it is believed this is how the transition will occur but because there is very little evidence to establish how the transition might occur and this was considered to be plausible based upon the status of the technology and the time taken from introduction to saturation of a new technology taking 30 years.



For simplicity reasons, it is assumed that the total annual vehicle kilometres driven by all cars is the same as the reference scenario with the difference that the kilometres that would have been travelled by a privately-owned vehicle are now travelled by automated vehicles. However, as the annual mileage per vehicle is higher, this means that for every 5.5 private cars only 1 automated vehicle is needed but they are replaced more often. As they are autonomous we have not added any costs for the driver to the model. Figure 7 illustrates how the number of vehicles in the private fleet develops in comparison to the commercial automated taxis fleet.




3.6. Bringing Everything Together—The Best-Case Scenario


This scenario deliberately pushes most assumptions to their extremes to explore the effect of compounding the most effective features of all the scenarios described above. In this scenario, the optimum technology case (cf. technology optimistic scenario), a continuous change of private car buyers’ preferences towards automated taxi (cf. Method Table 10), the strict policy measures (€3250 annual fee for ICEVs; stop of vehicle grant for PHEVs from 2021; increase in fuel tax by 3% annually) and a gradual move to 100% AVs by 2050 is simulated—hence an aggregate of the scenarios that have been presented above.



Figure 8 shows the effect of all the scenarios explored on the vehicle fleet emissions in the UK. It is clear that a change to automated vehicles as an individual measure has the greatest effect and leads to the lowest emissions. However, it can be seen that the best-case scenario—the combination of the different measures—leads to a quicker decrease in emissions in the period 2020 to 2030, mostly driven by technology and policy assumptions, but that they are insufficient in the long run and only in combination with automated vehicles are they capable of delivering deep and lasting reductions in emissions. However, it is worth noting that the automated vehicle scenario, due to the use of the S curves over 30 years, needs to start from 2020 in order to have a significant effect.





4. Discussion


We have applied a socio-technical systems research informed model based approach to assess the effects of different policies and new technologies on the achievement of the UK government’s targets with regard to an exogenously described automotive industry. In comparison to past work, these results are consistent with the overall picture that has been already described by other studies [30,69] and illustrate that financial incentives play a crucial role in reducing GHG emissions. Similar to other Multi-level Perspective informed approaches [70], this study also confirms that higher customer preferences for TCO (e.g., fuel costs) leads to a scenario where zero emission vehicles dominate and ICEVs and PHEVs lose out.



Improvements in battery and fuel cell technology and especially a significant decrease in costs will improve the uptake of battery electric and fuel cell vehicles in the short term. However, assuming all powertrain technologies converge to the similar levels of cost does not change the end result.



Influencing car buyer’s preferences is the single most important measure on its own in the current paradigm. Adapting them in such a way that range anxiety and the fear of infrastructure availability are alleviated improves the position of both BEVs and FCEVs. If the full TCO is taken into account then BEVs are likely to be become the dominant choice.



However, worryingly we show that all these factors combined are unlikely to be sufficient to meet long term emissions reduction targets. A transition towards zero emission vehicles is not likely to happen based upon current policies (vehicle purchase & infrastructure subsidies), car buyer’s preferences and alternative powertrain technology development rates. This is because ICEVs and PHEVs are too favoured by the existing system and especially consumer preferences. This means that the majority of private passenger car transport would still rely on fossil fuels and GHG emission reduction targets would be missed.



However, we show the effect of automated vehicles for the first time and have shown that the biggest reduction in GHG emissions from transport could be achieved by the introduction of automated vehicles as automated taxi services. Taking into account the introduction of automated vehicles has a bigger impact than any other measure and combined with other assumptions it is possible to construct scenarios where a 95% GHG emission reduction targets from road transport could almost be achieved.



However, knowing how plausible or likely this is requires a much better understanding of how automated vehicles could affect our transport systems, particularly how we purchase and use vehicles or mobility services and how this affects which powertrain technology becomes dominant.



These conclusions should be of profound interest to policy makers, automotive manufactures, technology developers and broader society as a whole, as they suggest that we cannot meet targets to reduce GHG emissions to acceptable levels without the parallel introduction of zero emissions vehicles and automated vehicles together.
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Figure 1. Approach followed by this study to inform the model based system dynamics study by insights based upon the MLP framework. 






Figure 1. Approach followed by this study to inform the model based system dynamics study by insights based upon the MLP framework.



[image: Sustainability 10 00676 g001]







[image: Sustainability 10 00676 g002 550] 





Figure 2. Simplified illustration of the model and its components. 
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Figure 3. Vehicle stocks per drive train (top) and recharging/refiling infrastructure uptake (bottom) until 2050 for business as usual scenario. 
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Figure 4. Vehicle stocks per drive train until 2050 for a technology optimistic scenario. 
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Figure 5. Sensitivity analysis of consumer purchase preferences for the vehicle stock in 2050. 
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Figure 6. Vehicle stocks per drive train until 2050 for a more radical policy scenario. 
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Figure 7. Substitution of private cars by automated vehicles assumed in this study. 






Figure 7. Substitution of private cars by automated vehicles assumed in this study.



[image: Sustainability 10 00676 g007]







[image: Sustainability 10 00676 g008 550] 





Figure 8. Vehicle fleet emissions until 2050 for each scenario. 
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Table 1. Main model equations.






Table 1. Main model equations.





	Vehicle stock
	     d   v e h i c l e   s t o c  k i    d   t   =   d    (  p u r c h a s e   o f   n e  w i  − s c r a p p i n  g i   )    d   t     



	Vehicle scrapping
	   s c r a p p i n  g i  =     v e h i c l e   s t o c  k i    v e h i c l e   l i f e t i m e     



	Total vehicle demand
	   t o t a l   v e h i c l e   d e m a n d =  (   ∑ i  s c r a p p i n  g i   )  ×  (  1 + c h a n g e   i n   v e h i c l e   d e m a n d  )    



	Annual purchase of each vehicle type
	   p u r c h a s e   o f   n e w    [  v e h i c l e   t y p e   i  ]  = t o t a l   v e h i c l e   d e m a n d × s h a r e   o f    [  v e h i c l e   t y p e   i  ]    



	Probability to choose a certain vehicle type
	   p r o b a b i l i t y   t o   c h o o s e    [  v e h i c l e   t y p e   i  ]  =    e  μ U t i l i t  y j       ∑ i   e  μ U t i l i t  y j        

   0 ≤ p r o b a b i l i t y   t o   c h o o s e    [  v e h i c l e   t y p e   i  ]  ≤ 1   

    ∑ i  p r o b a b i l i t y   t o   c h o o s e    [  v e h i c l e   t y p e   i  ]  = 1   

   U t i l i t  y i  =  V i  +  ε i     with U being identical for deterministic component V



	Actual market share of each vehicle type
	   s h a r e   o f   [ v e h i c l e   t y p e   i ]   =   T e c h n o l o g y     a v a i l a b i l i t y  i  × p r o b a b i l i t y   t o   c h o o s e   [ v e h i c l e   t y p e   i ]    ∑ i  (  T e c h n o l o g y     a v a i l a b i l i t y  i  × p r o b a b i l i t y   t o   c h o o s e   [ v e h i c l e   t y p e   i ]  )     



	Utility for each vehicle type
	   U t i l i t  y i  =   ∑ k    (  r e l a t i v e   p e r f o r m a n c e   o f   p a r a m e t e  r k  × w e i g t  h k   )    



	Total cost of Ownership
	   T C  O i  = p u r c h a s e   p r i c e + f u e l   c o s t + t a x e s − p u r c h a s e   g r a n t   



	Recharging station availability
	   r e c h a r g i n g   s t a t i o n   a v a i l a b i l i t y =   t o t a l   c a p a c i t y   a v a i l a b l e   ∗ u t i l i z a t i o n   f a c t o r   d e m a n d   f o r   c h a r g i n g   c a p a c i t y     



	Station availability (compared to other stations)
	   s t a t i o n   a v a i l a b i l i t y = min  (  a b s o l u t e   s t a t i o n   a v a i l a b i l i t y , r e l a t i v e   s t a t i o n   a v a i l a b i l i t y  )    



	Hydrogen station availability compared to theoretically needed number of stations
	   a b s o l u t e   s t a t i o n   a v a i l a b i l i t y = min  (    t o t a l   n u m b e r   o f   h y d r o g e n   s t a t i o n   t o t a l   n u m b e r   o f   s t a t i o n s   n e e d e d   i n   t h e   U K   , 1  )    



	Hydrogen station availability in comparison to hydrogen vehicles
	   r e l a t i v e   s t a t i o n   a v a i l a b i l i t y = min  (      n u m b e r   o f   h y d r o g e n   s t a t i o n s   n u m b e r   o f   F C E V     h i s t o r i c a l   r a t i o   b e t w e e n   p e t r o l   s t a t i o n s   a n d   I C E V s   , 1  )    



	Total recharging capacity at public stations
	   t o t a l   c h a r g i n g   c a p c i t y = p u b l i c   c h a r g i n g   c a p a c i t y   



	Total change in Rapid and Standard chargers
	     d   c h a r g e r s   d t   =   d    (  i n s t a l l a t i o n   o f   c h a r g e r − s c r a p p a g e   o f   c h a r g e r s  )    d t     .



	Annual revenues for each charger
	   r e c h a r g i n g   r e v = r e c h a r g i n g   d e m a n d ∗ r a t i o   o f   r e c h a r g i n g   a t   p u b l i c   s t a t i o n s ∗ m a r k u p   o n   e l e c t r i c t y   c o s t ∗ e l e c t r i c i t y   c o s t   



	Annual recharging infrastructure cost (similar for hydrogen infrastructure)
	   a n n u a l   r e c h a r g i n g   i n f r a s t r u c t u r e   c o s t =  ∑  c h a r g e r   t y p e    (  n u m b e r   o f   c h a r g e r ∗   i n s t a l l t i o n   c o s t   l i f e t i m e   + a n n u a l   m a i n t e n a n c e + e x p e c t e d   R O C I ∗ i n s t a l l a t i o n   c o s t  )    



	Average recharging time
	   a v e r a g e   r e c h a r g i n g   t i m e =  (  a v e r a g e   b a t t e r y   s i z e  )  /  (  a v e r a g e   r e c h a r g i n g   p o w e r  )    
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Table 2. General parameters for customer model component.
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Customer




	
Name of Variable

	
Value

	
Unit

	
Comment






	
vehicle stock ICEV (t = 2011)

	
33,000,000

	
vehicles

	
initial vehicle stock derived from SMMT reports




	
vehicle stock HEVs/PHEV (t = 2011)

	
100,000

	
vehicles




	
vehicle stock BEV (t = 2011)

	
2000

	
vehicles




	
vehicle stock FCEV (t = 2011)

	
0

	
vehicles




	
change in vehicle demand

	
1

	
percent

	
Annual increase in sales




	
scale factor ICEV µ

	
1

	
-

	
Determined through calibration based upon historical data. The scale factor for ICEV has been left at 1. Then the PHEV and BEV factors have been adapted iteratively until the modelled sales numbers matched the real ones for the period of 2011–2013. The factor for FCEVs is the same as the ICEV factor as both vehicle drive trains are similar for the user.




	
scale factor PHEV µ

	
1.69

	
-




	
scale factor BEV µ

	
0.985

	
-




	
scale factor FCEV µ

	
1

	
-




	
weight of TCO

	
50

	
%

	
from UK government study on customer preferences concerning alternative vehicles [36]




	
weight of vehicle range

	
25

	
%




	
weight of infrastructure availability

	
12.5

	
%




	
weight of refuelling time

	
12.5

	
%




	
annual km driven

	
10,500

	
km

	
[36]




	
PHEV kilometres driven in EV mode

	
41

	
%

	
Calculation based upon an EV range of an Honda Accord Hybrid of 15 miles and the distribution of miles driven in the UK according to [43]




	
BEVs energy recharged at home

	
80

	
%

	
Calculation based upon an EV range of an Mercedes Benz B Class of 85 miles and the distribution of miles driven in the UK according to [43]




	
PHEVs energy charged at public stations

	
5

	
%

	
Based on a PHEV usage patterns study [44] where it had been observed that 2 of 34 (ca. 6%) drivers had been charging their vehicles also not at home.
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Table 3. General and initial parameters for the infrastructure providers.
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Infrastructure




	
Name of Variable

	
Value

	
Unit

	
Comment






	
petrol price (t = 2010)

	
0.7

	
€/litre

	
Pre-tax predictions based on [6]




	
electricity price (t = 2010)

	
100

	
€/MWh

	
Pre-tax predictions based on [6]




	
hydrogen price (t = 2010)

	
16.6

	
€/kg

	
Pre-tax predictions based on [6]




	
mark-up electricity cost

	
80

	
percent

	
Based upon proposed scenarios by [45]




	
mark-up H2 cost

	
6

	
percent

	
Typical margins of petrol stations [46]




	
ratio of petrol stations per vehicle

	
1/3660

	
Stations per vehicle

	
Based upon historical data [46,47]. The parameter has been determined with the help of current number petrol stations and the total number of vehicles on UK’s roads




	
total number of hydrogen stations needed

	
1150

	
stations

	
Based upon estimate of [48]




	
initial stock of Class 2 chargers

	
1670

	
Public chargers

	
According to http://chargemap.com/stats/united-kingdom there are in total 1758 charging points. 95% correspond to Class 2 chargers.




	
initial stock of Rapid chargers

	
400

	
Public chargers

	
According to http://chargemap.com/stats/united-kingdom there are in total 1758 charging points. 5% correspond to Rapid chargers.




	
initial stock of hydrogen stations

	
10

	
stations

	
Estimate based upon h2stations.org




	
average power of domestic charger

	
3

	
kW

	
[49]




	
average power of Class 2 charger

	
3

	
kW

	
[49]




	
average power of Rapid charger

	
50

	
kW

	
[49]




	
lifespan of EV chargers

	
10

	
Years

	
[49]




	
lifespan of hydrogen stations

	
30

	
Years

	
[49]




	
ratio of BEV owners with domestic charging capability

	
80

	
percent

	
Based upon demographics of BEV and PHEV users [50]




	
installation cost of Class 2 charger

	
4000

	
€

	
[49]




	
installation cost of Rapid charger

	
50,000

	
€

	
[49]




	
operation & maintenance cost of EV charger

	
10

	
percent

	
in percent of initial purchase cost [49]




	
expected ROCI (Return on Capital Invested) for infrastructure

	
5.5

	
percent

	
Based upon study undertaken on average return rates [51]
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Table 4. General and initial automotive parameters.
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Automotive Parameters




	
Name of Variable

	
Value

	
Unit

	
Comment






	
vehicle lifetime

	
14.5

	
years

	
Calibrated. With 14.5 years for the scrapping the total demand for vehicles corresponds to real data provided by SMMT




	
ICEV petrol consumption

	
0.078

	
L/km

	
Based upon the fuel economy of a Honda Accord [52]




	
PHEV petrol consumption

	
0.051

	
L/km

	
Based upon the fuel economy of a Honda Accord in HEV mode [52]




	
PHEV electricity consumption

	
0.23

	
kWh/km

	
Based upon a Honda Accord in EV mode [52]




	
BEV electricity consumption

	
0.18

	
kWh/km

	
Based upon a Nissan Leaf [52]




	
FCEV hydrogen consumption

	
0.0104

	
kg/km

	
Based upon a Honda FCX Clarity [52]




	
ICEV range (t = 2010)

	
900

	
km

	
For first year derived from [6]




	
PHEV range (t = 2010)

	
800

	
km

	
For first year derived from [6]




	
BEV range (t = 2010)

	
130

	
km

	
For first year derived from [6]




	
FCEV range (t = 2010)

	
700

	
km

	
For first year derived from [6]




	
refuelling time ICEV

	
2

	
min

	
Own experience




	
refuelling time PHEV

	
2

	
min

	
Own experience




	
refuelling time FCEV

	
4

	
min

	
http://www.ukh2mobility.co.uk/fcevs/




	
ICEV price (t = 2010)

	
20,000

	
€

	
For first year derived from [6], updated with 2014 prices based on http://www.greencarsite.co.uk




	
PHEV price (t = 2010)

	
47,000

	
€

	
For first year derived from [6], updated with 2014 prices based on http://www.greencarsite.co.uk




	
BEV price (t = 2010)

	
85,000

	
€

	
For first year derived from [6], updated with 2014 prices based on http://www.greencarsite.co.uk




	
FCEV price (t = 2010)

	
160,000

	
€

	
For first year derived from [6], updated with 2014 prices based on http://www.greencarsite.co.uk




	
Year when sale of FCEV starts

	
2016

	

	
Expected sales start of FCEVs in the UK
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Table 5. Range of the different vehicle types (based upon [6]).
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	in km
	2010
	2050





	ICEV
	900
	1300



	PHEV
	800
	1200



	BEV
	130
	220 1



	FCEV
	700
	850







1 The assumption of the predicted increase in BEV range is based upon [6], While this is less than current ICEVs can achieve and there are calls for BEVs with higher ranges, we do not model Electric Vehicles with a much higher range (bigger batteries), as the UK National Travel Survey [43] has shown that most of the trips executed in the UK are below 40 km in average.
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Table 6. Fuel cost assumptions (based upon [6]).
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	2010
	2015
	2020
	2030
	2035
	2040
	2050





	Petrol [€/L]
	0.7
	0.75
	0.73
	0.85
	0.88
	0.92
	0.98



	Electricity [€/MWh]
	100
	120
	140
	140
	140
	135
	125



	Hydrogen [€/kg]
	16.6
	9.9
	6.6
	5
	4.7
	4.5
	4.4
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Table 7. Input values for price of the different vehicle types (based upon [6]) and updated with 2014 prices based on http://www.greencarsite.co.uk and [53].
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	in €
	2015
	2020
	2030
	2040
	2050





	ICEV
	20,500
	22,000
	22,000
	22,000
	21,000



	PHEV
	41,800
	34,000
	25,000
	24,000
	23,500



	BEV
	43,000
	36,000
	26,000
	24,500
	23,500



	FCEV
	60,000
	38,000
	26,000
	24,700
	23,700
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Table 8. Approximate BEV and PHEV registrations in the UK (rounded values based upon [54]).
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	PHEV HEV (Historic Data)
	PHEV HEV (Modelled)
	EV (Historic Data)
	EV (Modelled)





	2011
	23,000
	21,918
	1100
	1082



	2012
	27,000
	26,178
	1300
	1564



	2013
	30,000
	31,443
	2500
	2449
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Table 9. Adapted input values for price of the different vehicle types in a technology optimistic scenario (based upon [6] and updated with 2014 prices based on http://www.greencarsite.co.uk and [53].
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in €

	
2015

	
2020

	
2030

	
2040

	
2050






	

	
ICEV

	
20,500

	
22,000

	
22,000

	
22,000

	
21,000




	
EV optimistic scenario

	
PHEV

	
41,800

	
29,000 (34,000)

	
25,000

	
24,000

	
23,500




	
BEV

	
43,000

	
30,500 (36,000)

	
26,000

	
24,500

	
23,500




	
FCEV

	
60,000

	
34,500 (38,000)

	
26,000

	
24,700

	
23,700
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Table 10. Adapted weights for preferences for the vehicle choice.
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	Infrastructure Availability
	Recharging Duration
	Range
	TCO





	Initial weights (2015)
	12.5%
	12.5%
	25%
	50%



	Adapted weights (2025)
	5%
	5%
	10%
	80%
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