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Abstract

:

While much attention has been given, to date, to subsidies and taxes, the literature on the topic is yet to address less visible aspects of electro-mobility. These include the interactions among players, including money exchanges, and balance sheet issues. Analysing these is needed, as it helps identify additional mechanisms that may affect electro-mobility. This paper reports a modelling exercise that applies the system dynamics method, with its focus on stock and flow variables. The resulting simulation model captures the financial statements of several macro agents. The results show that the objective of the study is met: the model remains ‘stock-flow consistent’, meaning that assets and equity and liabilities balance out. By attaining this, the model serves as a coherent framework that makes the “hidden” side of electro-mobility visible, for the first time, based on current state-of-the-art, with the implication that it facilitates the analysis of potential financial factors that may either jeopardise or be conducive to faster road electrification. We conclude that the incorporation of the financial statements of key electro-mobility agents and their interlinkages in a simulation model is both a feasible and desired property for policy-relevant models.
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1. Introduction


1.1. Background


The process of road transport electrification is complex, and the rate of growth of electric vehicle (EV) sales and stock is dependent on the actions of several major players. Focusing on electro-mobility in Europe, the Powertrain Technology Transition Market Agent Model (PTTMAM) represents four of these, grouped as market agents: Authorities, Infrastructure Providers, Vehicle Manufacturers and Users [1].



In this model, each agent makes a series of decisions which have an influence on one or more of the other agents (see Figure 1). For instance, users demand vehicles that are produced by manufacturers. While these decisions were modelled for aspects that tend to be rather visible (e.g., authorities set emission targets and infrastructure providers deploy recharging infrastructure), other aspects that are thought to be important, as well, tend to be less visible (remain “hidden”). These include, prominently, the financial position of each agent and the money inflows and outflows that determine it.



For example, Regulation (EU) 2019/631 stipulates that “the amounts of the excess emissions premium should be considered as revenue for the general budget of the Union” and the European Commission should consider the feasibility of allocating them to a fund “to support re-skilling, up-skilling and other skills training of workers in the automotive sector” [2] (p. 19). This is clearly a potential transfer of money from vehicle manufacturers to a public institution and, in turn, possibly to certain households, directly or indirectly via manufacturers.



Another example is the direct government support to original equipment manufacturers (OEMs). For instance, [4] reported EUR 295 million in government grants and subsidies in 2020, part of which was for alternative drive systems. [5] reported EUR 1 billion in government grants in the same year, though this OEM includes liquidity on favourable terms given by the European Central Bank (ECB) in that category.



A more indirect way of Member State (MS) support to vehicle manufacturers is as follows: the European Investment Bank (EIB) receives annual contributions from MSs; in turn, the EIB offers finance support to the automotive sector, as can be seen in Table 1. This table summarizes the evidence on EIB support to electro-mobility. Though the list is probably not exhaustive, it can yield a preliminary estimate of cumulative EIB finance support to the European automotive sector: ca. EUR 7 billion for research and development (R&D) actions and EV production support between 2010 and 2020.




1.2. Current State of the Research Field


The three examples mentioned in the previous section illustrate the importance of also taking into account the money flows among the key agents of the electro-mobility eco-system and, consequently, their financial positions. The extent to which this has been examined in the existing literature is considered in this section.



One of the most recent studies, which focuses on the electro-mobility sector and energy transition, applies hybrid econometric dynamic systems modelling based on Post-Keynesian economic theory, to address the energy transport transition in China, India, Japan, the United Kingdom and United States (US) [7]. Its objective is to demonstrate that the policy mix can support achieving tipping points where reinforcing learning and positive dynamics can support the transition relying on market driven forces alone. Similarly, [8] demands for economic modelling to investigate decarbonisation transitions at the global level, demanding financial incentives to the power and transport sector, still, with little ability to replicate the real structure of those sectors. In fact, those models apply policies while ignoring the “hidden” financial side of electro-mobility, leading to missing important leverage points that could support policy makers in addressing a faster energy and road transport transition.



Acknowledging that the literature on electro-mobility has expanded in the last few years, two previous review exercises reported by one of the authors are highlighted in [9], where system dynamics (SD) was identified as a prominent method to investigate the uptake of electric cars; in [10], a more in-depth review of a selection of SD models was performed. In comparison to earlier work (e.g., [11,12]), the current study extends previous modelling efforts by modelling balance sheets and assuring the stock-flow consistency (SFC) conditions, meaning an approach in which “the stocks and flows of both real and financial variables must be fully integrated, along with an explicit consideration of their dynamics” (Lavoie in [13]) (p. vii).



SFC modelling was prominently reported by [14]. The other author adopted the SFC modelling approach in previous work: [15] presented the Economic Risk, Resources and Environment (ERRE) model, which applies fossil fuels, agricultural and climate limits as boundaries to a growing economy. In ERRE, “a balance sheet approach is employed for every economic agent to assure stock-and-flowconsistency in the economy as a whole” (p. 184).



The need to account for financial aspects when modelling the low-carbon energy transition was highlighted by [16]. Turning to the more recent literature dealing with SFC and the low-carbon energy transition, the transmission channels of climate finance policies (the carbon tax and green supporting factor) were examined by [17], who also identified reinforcing feedback processes when modelling six sectors/agents. Using a similar structure for agents, [18] also investigated carbon taxation, with the finding that it leads to a higher level of green investments as a result of financing by commercial banks. According to [19], “a crucial gap remains, preventing macro model-based analysis of financing barriers and policy interventions that may accelerate the energy transition”.



We identify a persistent research gap: the balance sheets of the key electro-mobility players have, to the best of our knowledge, not been coherently modelled. We think that this is relevant because the financial division of an OEM tends to account for a sizeable proportion of the firm’s balance sheet and to interact with other players such as authorities, banks and households. To the authors’ knowledge, this aspect is not yet covered in the literature, and we take this opportunity to address this inconsistency, as it can be relevant to policy targeting an acceleration of the road transport transition. We adopted the methodology indicated in the next sub-section (which lists additional materials) to address this gap.




1.3. Objective, Focus and Structure


The present paper describes the approach followed to create a simulation model that represents the financial statements of those players. This was a prerequisite for the objective of the study: capturing the interactions (in terms of money flows) among key market agents, while ensuring that the model remains ‘stock-flow consistent’.



The present study covers the global vehicle market, with a focus on the European conditions. For the purpose of this work, the following changes were implemented to earlier versions of the PTTMAM model [1]: (i) the ‘infrastructure providers’ were renamed ‘suppliers’, and ‘users’ became ‘households’; (ii) the banking sector was modelled by including a conglomerate of private/commercial banks (selling also vehicle insurance), the European Central Bank (ECB) and the European Investment Bank (EIB); and (iii) the last two represent new sub-agents of the market agent group ‘authorities’, which now includes government as a separate sub-agent.



The structure of the paper is as follows: after this short Introduction, the methods are described in Section 2. The results are reported in Section 3. Section 4 offers a discussion. An appendix completes this paper with additional info on the model.





2. Materials and Methods


2.1. Methodology


The methodology was implemented following a series of steps:




	
The financial statements of OEMs (i.e., vehicle manufacturers) were collected from their annual reports and data from the U.S. Securities and Exchange Commission filings. As for any other firm, the three main financial statements of OEMs are: a balance sheet, an income statement and a cash flow statement. Each of them facilitates the analysis of, respectively, solvency, profitability and liquidity. There are two broad economic and financial decisions firms need to make: investment (maximise profitability) and financing (minimise capital costs). Whereas the former is visible in the assets side of a balance sheet, the latter can be reflected in the equity and liabilities section [20]. Instead of profit maximising, “some companies may respond to daunting balance-sheet damage by minimizing debt” [21] (p. xii). This is a sufficient reason for us to model debt explicitly.



	
The statements were checked, their key elements identified, and the connections deduced. To support our task, the following materials were also used: [22,23,24].



	
Two balance sheet items (PPE and inventories) require an explanation, as their values can be affected by alternative assumptions. For each of them, we first read what the accounting rules are; we then check what has been assumed in previous SD work and identify what most OEMs adopt in practice.



	
The information collected from the previous steps was implemented in the simulation software environment ‘Vensim’. A reference that was used for the preliminary version is [25].



	
The variables for the initialisation of the model were created and initial values (see Table 2; money values are expressed in nominal terms) were assigned to those, so that the behaviour resulting from the structure represented in the model (step 4) could be simulated for the period 2005–2030. This was based on numerical integration using Euler, with a time step of 0.25 year (see, e.g., [26]).



	
The structure was refined until there were, a priori, no financial leakages in the modelled system.



	
The monetary structure was linked with the physical structure (e.g., revenues from selling vehicles) from which a series of key performance indicators (KPIs) could be computed.








The outlined methodological approach relies on the following steps. The initial part is statistical and includes the sourcing of relevant initial values. Furthermore, the ‘double-entry bookkeeping’ rule from the field of accounting [27] is imposed. The implementation in the software requires the use of stock and flow variables, which are connected in stock and flow structures (see, e.g., [28]). As stated by [29], stocks and flows are not independent, as the former result from the latter, and flows are also influenced by stocks. Thus, a two-way relationship between these variables may be posited. At the core of this methodology is the reliance on the SD method, which is well-suited for searching for the economy’s feedback structure [30]. Ref.[13] concluded that SD is a robust method to assure SFC conditions are met.




2.2. Model


2.2.1. Overview


Figure 2 provides an overview of the developed model. As can be seen, the private and public sectors interact in several ways, as transactions among agents take place in our simulated environment. Initial stock values do not reflect data collection but are assumed for the purpose of demonstrating the modelling framework. On model testing, see Appendix A. The simulation model is freely available at the webpage shown in the Supplementary Materials.



Focusing on the interlinkages among ‘Banks and insurance’, ‘Households’ (HHs) and ‘OEMs’, Figure 3 shows four balancing (B) feedback loops and five reinforcing (R) ones. They describe the debt dependency process, the amplifying nature of borrowing to acquire liquidity and pay interest, as well as the counteracting effects of debt adjustment and repayment. This is highlighted in Figure 3 as the “hidden” side of electro-mobility and forms a core component of this paper. At the top of the figure, a key aspect of electro-mobility is made visible, as EVs are still priced higher than conventional vehicles and thus require substantial upfront payments from HHs. While this causal loop diagram informed the modelling building process, it remains a simplification, as the link between borrowing from the OEM and vehicle purchase is mediated in the simulation model by the stock ‘wealth HH debtor’. Moreover, the figure provides a stylised overview, with ‘Banks and insurance’ (green area) overlapping the other two agents.




2.2.2. Authorities


Authorities represent the public sector, which, as indicated above, consists of governments and selected EU institutions. Table 2 lists the initial values of these sub-agents.
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Table 2. Initial values of the authorities’ balance sheets [EUR].






Table 2. Initial values of the authorities’ balance sheets [EUR].





	Sub-Agent
	Assets
	Liabilities & Equity





	ECB
	6 × 1012
	6 × 1012



	EIB
	2.8 × 1011
	2.8 × 1011



	Government
	1011
	1011







Source: own assumptions.











The government is defined as a single entity (i.e., without disaggregation by country) in the present version of the model to facilitate the analysis. The liabilities side of the balance sheet consists of bank debt (in this hypothetical case, to the central bank). The simulated government budget is affected by three revenue items (corporate tax, energy tax, value-added tax (VAT)) and four expenditures:




	
Public infrastructure expenditures, calculated as follows: the historical and projected electric vehicle supply equipment (EVSE) values for the world, disaggregated into slow- and fast-charging points, provided by [31], are incorporated into the model. The project values reflect the STEPS scenario and are interpolated linearly as needed. The resulting estimates are used to compute annual deployment under the assumption that EVSE is long-lived. Next, the cost of the EVSE is as follows: EUR 9000/point for slow and EUR 100,000/point for fast. We work under the premise that the government provides the required funding for the deployment of such publicly accessible infrastructure.



	
Public R&D expenditures: this variable is included and linked to OEMs to facilitate the analysis of government grants to the automotive industry. However, in the current version of the model, it takes a value of zero.



	
Public transport procurement: all buses are purchased by this agent.



	
Purchase subsidies: estimates of government purchase subsidies for the period 2016–2021 were collected from [32], with a linear decline to zero in 2025 assumed.








Concerning revenues, it is assumed that taxes represent half of the fuel price. The simulated VAT rate is 20%.



EU institutions are modelled in a very basic fashion (see Figure 4 for the example of the ECB). As can be seen in this figure, ECB assets consist of loans (to commercial banks and governments) and cash. The grey variables within the <> signs are known in the SD literature as ‘shadow variables’ and represent variables that are defined in another part of the model. For instance, ‘debt to central bank’ is defined as a stock variable in the ‘Banks and insurance’ agent.



The interest policy rate is fixed at 3%. Concerning the EIB, a favourable rate of 4% is available to OEMs. To make the model operational, it is assumed that the potential revenues from missing vehicle emissions targets are available to the Union’s budget via the EIB.




2.2.3. Banks and Insurance Firms


This agent represents a conglomerate of commercial/private banks that engage also in insurance services. The insurance premium is assumed to be EUR 500 vehicle/year. The annual percentage rate (APR) is simulated with a constant value of 5%. Table 3 shows the initial values of the balance sheet items modelled for this agent.




2.2.4. Households


HHs are divided into two sub-agents: creditor and debtor. The key difference is that the latter holds debt (to banks and OEMs). Another difference is that, while the debtor HH receives the labour wages from vehicle manufacturing, the dividends are accrued to the creditor HH. The wealth of this sub-agent is stored as deposits in the private banking system. As for the other agents, Table 4 shows the key initial values. Most of the cars (with the exception of those registered by OEMs for leasing/rental purposes) are purchased by these two sub-agents, with an equal split in share. The historical and projected global battery electric vehicle (BEV) stock, disaggregated into vehicle type, provided by [31], was fed into the model.




2.2.5. Suppliers


This agent represents a conglomerate of raw material, battery, energy, infrastructure and vehicle maintenance providers. The corresponding items related to these become sources of annual revenue for this agent. Its assets are initially valued at EUR 1e+12. Suppliers deploy the publicly accessible EVSE commissioned by governments, with depreciation influenced by an average lifetime of 20 years for this asset. Moreover, the Suppliers are the agent purchasing freight vehicles (vans and trucks).



Three types of fuels are supplied by this agent: petrol and diesel for ICEV (the former for cars, and the latter for the rest) and electricity for BEVs.



The markup over cost set by the Suppliers is 20% (a reasonable assumption; see, e.g., [33]), both for raw materials and batteries. The maintenance cost is EUR 300 vehicle/year (for a range by manufacturer see [34]). See the time-variant values used for the exchange rate and the battery and fuel prices in the Supplementary Materials.




2.2.6. Vehicle Manufacturers


By far, the most elaborate agent in our model is the OEM. This agent includes a hypothetical domestic and foreign OEM, each one holding a market share of 50%. Table 5 shows the initial values assigned to each of the two OEM conglomerates, comparing total assets with the sum of liabilities and equity (L&E). Each of them is duplicated, for OEMs are subscripted in our model into Automotive and a Financial Divisions, in line with the information gathered from their annual reports. As can be seen, simplifications of several items were made, and their weight greatly differs by division. For the rest of the agents, these statements are more simple. As expected, OEM debt becomes an asset for commercial banks (recall Table 3). Conversely, HH debt tied to vehicle purchases is captured in financial services receivables (current and noncurrent), which are an asset to the OEM. The evidence on car finance is provided by, for example, [35].



As hinted above, the first balance sheet item requiring an explanation is PPE, which is affected by depreciation. According to the Generally Accepted Accounting Principles (GAAP) and International Financial Reporting Standards (IFRS), acceptable depreciation methods include straight-line, accelerated and units-of-production methods [22]. Straight-line depreciation was adopted in the SD accounting model by [36]. While there are differences across individual OEM and years, our analysis of OEM financial information leads us to conclude that the straight-line method was the main one adopted over the past decade in this industry. We thus implement this method in our model, following [36]. Assuming that annual vehicle sales remain constant (see Section 2.2.4), plant acquisition is kept constant at EUR 10 billion annually. Investment in vehicles to generate lease revenues amount to EUR 55 billion per year. Annual depreciation and amortisation expenses equal EUR 64.5 billion.



The second item is inventories, whose valuation differs by method. While GAAP accepts the weighted-average cost, first-in, first-out (FIFO) and last-in, first-out (LIFO) methods, IFRS prohibits the use of LIFO [22]. Implementing the average cost method in his model, [36] regards it as the only reasonable one to account for inventories in an SD model, acknowledging that this method is not used by most firms. In our model, we compute physical inventories and their values for four types of vehicles: cars, vans, trucks and buses. These are kept constant over the simulation period.



Table 6 shows additional assumptions made for OEMs. Furthermore, it is assumed that OEMs self-register cars for leasing/rental purposes, with the fleet owned by the Financial Division increasing from almost 14 million cars to almost 27.5 million in 2030. An annual transfer amounting to EUR 30 billion from the Automotive to the Financial Division is simulated.



Focusing on the different types of vehicles modelled, Table 7 lists key assumptions. Each vehicle type is also disaggregated into an internal combustion engine vehicle (ICEV) and a BEV. While the labour costs are assumed to be the same for the two technologies, besides the battery the material costs differ. The table also shows two assumptions that are important for the calculation of the fleet’s energy demand, which is needed to compute expenditures on energy products.






3. Results


3.1. Evolution of the Vehicle Fleet


A selection of the model results for the various agents is presented below. All the figures refer to a simulation run named ‘Current’. Figure 5 shows the evolution of the vehicle stock, disaggregated by the type of vehicle and technology. The BEVs exhibit growth at the expense of the ICEVs, though the latter still dominates at the global level in 2030. This is the type of output most models consider, but what are the potential economic and financial implications for the agents involved in this system? The “hidden” side of electro-mobility becomes visible, based on our simulation framework, in the next figures.




3.2. Balance Sheets


As vehicle sales require vehicle production and demand, and both are partly financed with debt, it becomes useful to consider the structure of the liabilities and how it is connected to other agents’ assets. For instance, HH debt to OEMs for the purpose of purchasing vehicles constitutes an asset for the latter, and the debt of the two agents to private banks represents a fraction of the total assets owned by these. EIB loans to OEMs to facilitate cleaner vehicle production also feature in the assets side of the EIB balance sheet. The Central Bank’s assets may also be formed of loans to governments and private banks. This means that the overall behaviour of the system is the result of the interaction between the macro agents (recall Figure 2).



Figure 6 shows the simulated evolution of assets (and thus L&E) for two agents. While the chart on the left shows the output of the two public banks, the behaviour of private banks and the government can be seen in the chart on the right. The balance sheet expands in all cases, though very slowly in the case of the EIB.



Similarly, Figure 7 shows the simulated evolution of the balance sheet for the rest of the private sector. As can be seen on the left chart, the wealth of the creditor HH quickly overtakes that of the debtor, which declines slowly towards the end of the simulation. The chart on the right shows the growing assets of the suppliers and vehicle manufacturers, which diverge from a similar base in 2005 until the assets of each OEM doubles in size those of the suppliers in 2030.



What drives the changes in balance sheets are flow variables. For instance, the annual interest paid by HH debtors to OEMs amounts to slightly more than EUR 35 billion (or EUR 1083 per vehicle sold). This is an example of additional results generated by the model which, for reasons of space, cannot be reported here (see the Supplementary Materials instead). Variable OEM profits (growing, in particular, in the Financial Division) not only accumulate into retained earnings but also boosts dividends, which increase the wealth of creditor HHs. The simulated behaviour of ‘net savings HH creditor’ is always positive but exhibits a downwards trend, with swings between 2008 and 2020. This variable affects the stock and flow structure related to bank deposits, which leads to bank deposits growing until 2030 at a slower rate.



Moreover, the flow variables tend to be influenced by business operations and items from the income statement. Besides the physical ones (e.g., sales in Section 3.1), money items such as ‘dividends paid’ play a role. This flow is determined by the dividend distribution ratio (Table 6) and the net income, which is, in turn, used to compute a key performance indicator (KPI), examined next.




3.3. Key Performance Indicators


The computation of KPIs facilitates so-called ratio analysis. Our analysis of OEM reports confirmed our expectation that KPIs are important to OEM decision-makers. While the purpose was not to create a model to improve the behaviour of the automotive industry from an OEM perspective, it is useful to report the four standard profitability KPIs and an operating return KPI: the return on equity (ROE). This is done in Table 8, which also lists, for comparability, typical values found in the literature. Each KPI was computed following [22]. The ROE is reported for the Financial Division, as is common in the sector, while the profitability ratios correspond to the Automotive Division. In our simulation, the ROE peaks with a value of almost 16% in 2007, the year in which the global financial crisis began. As other sources of income were not assumed, our earnings before interest and taxes (EBIT) are the same as the operating income, and thus the two ratios show the same values.



By adding KPIs, the decisions of OEMs may be more sensibly modelled. In a way, this helps integrate the physical and financial sides of the OEM business. Our simulated KPI values are within the ranges derived from the data. The fact that the ones for profitability are closer to the 75% quartile while, in reality, some OEMs struggle to exhibit strong KPI performance is likely to be due to our assumption that the global vehicle market is served by a duopoly. In practice, OEMs set target margins that may be attained or not. Moreover, those targets may vary by year, depending on the management’s perception of business and international conditions. For instance, [37] reports how distant their adjusted target range for the automotive EBIT margin was from their target range.





4. Discussion


The automotive industry is undergoing radical transformation. The challenges faced by the sector in response to the presence of climate urgencies were clearly articulated by [38]. The importance of analysing the balance sheet to gauge the success of the business was highlighted by [39]. There seems to be an emerging need, relatively neglected in the existing literature, for researchers and policy-makers to put the potential emission penalties into the broader context of OEMs’ financial position and to understand the channels through which money flows (e.g., to promote R&D in cleaner vehicles, to finance zero-emission powertrain sales) among market agents. The present paper represents one step forward towards addressing this need.



The paper describes a simulation model to facilitate such analyses. We came across the work by [36] after we built our accounting framework but incorporated some of the features suggested by the author (recall Section 2.2.6).



Model testing was proposed as a means to demonstrate the standard behaviour of the model without aiming to explore either large sensitivities and uncertainties in every single parameter, or behaviour reproducibility tests based on historical data. This is in line with the purpose of this paper, which was to highlight the existence of the “hidden” side of the automotive sector, with OEMs ultimately behaving as financial institutions providing loans and receiving interest payments from their clients. Standard tests in line with the SD literature were performed, such as integration error tests, and unit consistency as indicated in Appendix A.



One way of exploring uncertainty is to compute alternative vehicle sales growth rates. This would then alter OEM manufacturing capacity needs and, in turn, investment in PPE. According to [40], retained earnings finance most EU firm investments. This would have implications for Figure 7b, which would also change if greater bargaining power were accorded to Suppliers. By making the model available, we facilitate this type of analysis being carried out by the interested reader.



The model assures full consistency in keeping the economic and financial flows within the system. By interlinking the money flows among the agents, it is possible to trace how money circulates within the automotive sectors. In particular, this allows analysts to keep track of cumulative public and private expenditures, such as purchase subsidies and R&D expenditures, respectively.



The simulated vehicle fleet suggests that petrol and diesel-powered vehicle remain the dominant technology until 2030, which would have environmentally damaging consequences unless other actions are taken. This picture could be altered if government grants and subsidies in support of innovations that lower emissions were simulated (recall Section 2.2.2). The important role public banks have to play in the transition to net zero has most recently been highlighted by [41].



Turning to our balance sheet results, by distinguishing between debtor and creditor HHs, we are in a position to start investigating distributional issues (e.g., automotive dividends and wages). However, a key limitation of our work is that it depicts HHs and governments as aggregated entities. A more realistic representation would disaggregate them by country. We felt that such level of detail would obscure the present exercise and be, thus, counterproductive.



While debt was modelled and securities were included explicitly in the OEMs’ assets, the capital and financial markets were portrayed in a simple manner. No explicit reference was made to, for example, money markets, commercial papers or corporate bonds (see, e.g., [42]) or risk management (see OEMs’ reports). No leverage, liquidity and valuation ratios were calculated, as outside of the main purpose of our model, but these could be easily added in the system, based on the version proposed.



The focus was on interrelated patterns rather than realistic numerical outcomes. While these may not correspond to actual data, setting the initial asset values to EUR 1 trillion for governments and suppliers (close to the estimated value for OEMs) was not completely undeliberate, for it facilitated the comparison of behaviours unfolding from a similar base. The sum of all the assets in our model amount to EUR 150.6 trillion in 2020. To put this into context, [43] estimated that the world economy had USD 1540 trillion in assets in the same year, of which one-third corresponded to real assets. Further data refinements may be made in the future: for the ECB, using [44], for the EIB, relying on [45], and for governments, using the Public Sector Balance Sheet (PSBS) The database is available at [46].



We conclude that the incorporation of the financial statements of key electro-mobility agents and their interlinkages in a simulation model is both feasible and a desired property for more realistic and policy relevant models. After all, the process of electrification does not follow solely from policy prescriptions but is the result of the way the key players digest relevant information, including financial. Taking these aspects into account in a modelling framework leads to an explicit generic representation of the banking sector. The downside of this is that the model becomes larger and understanding it more demanding. Still, we conclude that the benefits of this approach outweigh its costs, as it brings a perspective other modelling tools neglect.



Though we modelled the global vehicle market, we opted for defining authorities in European terms. For this reason, references to the ECB, EIB and the EU were made. This was done to emphasise the emission penalties that are relevant in the EU context (as this was one of the points made in the Introduction). However, such agents can be defined in more general terms (e.g., central bank instead of the ECB or public investment bank instead of the EIB), and the structure can, in principle, be applied to other markets. As a matter of fact, no excess emissions leading to penalties were simulated. To compute this in a robust manner, a representation of the existing regulations is needed. This is indeed the key connection point between the model proposed here and PTTMAM, which models HHs (‘Users’) and ‘Authorities’ with disaggregation by country. Such model integration will be pursued in future work. While there may be physical constraints that limit the speed of EV uptake (e.g., battery supply bottlenecks), the resulting model upgrade would enable the analysis of potential financial aspects.



The SFC framework proposed here makes the “hidden” side of electro-mobility visible, with the implication that it facilitates the analysis of potential financial constraints that might also jeopardise faster road travel electrification. Conversely, it may help identify the levers in the system for more effective financial support.
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Appendix A


Documenting the model with the System Dynamics Model Documentation and Assessment Tool (SDM-Doc) proposed by [47] reveals that the model contains 451 variables, of which 55 are stocks. The documentation file, which contains the model’s full code, is available in the Supplementary Materials.



Two SFC tests are performed, one for each individual agent (i.e., assets and liabilities match within every agent at every point in time), and a second one at the system level (i.e., financial institutions’ liabilities match the liquidity in the entire economy). Concerning the second test, which determines whether consistency at the system level (i.e., for all the agents involved) is attained, the results are shown in Figure A1. The deviations from zero in our checks (visible in Figure A1 and available also in the model) are rather small, that is, within EUR 0.1, out of the large numbers used to initialize the stock and cash flow variables to several billion Euros, as indicated in Table 2 and Table 3). This also partially works as an integration test in the model. This SD model is a continuous time model adopting Euler type integration at time steps of 0.25 years. Due to the stock calculation inherent in the software, the system makes tiny approximations of the large numbers that have been used to run the model. The tiny unbalances, shown in Figure A1, are simply due to this, and we can consider these as 0, thus satisfying the SFC condition.
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Figure A1. Outcome of the SFC check. 
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The integration error test was also performed in line with the standard SD literature, thus demonstrating that behaviour does not change below a certain delta time, and minimising the computation power to run the simulation to the minimum possible [28]. Systems boundary adequacy and structure assessment tests were carried out during the phase of construction of the model on an iterative basis, and the test for unit consistency was passed with the completed version of the model.
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Figure 1. PTTMAM’s market agents, their decisions and linkages (Source: [3]). 
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Figure 2. Overview of the conceptual model, with interactions among agents. 
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Figure 3. Causal loop diagram with feedback processes involving three agents. 
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Figure 4. Overview of the ECB structure in the model. Note: the rectangles represent stock variables; flow variables are represented by valves and pipes. 
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Figure 5. Simulated vehicle stock (2005–2030), by type of vehicle and powertrain (a) cars, (b) vans, (c) trucks, (d) buses. 
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Figure 6. Balance sheet simulation of: (a) public banks; (b) private banks and government. 
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Figure 7. Balance sheet simulation of: (a) households; (b) firms. 
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Table 1. European Investment Bank’s finance support to the automotive sector: selected results on R&D and EV production.
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	Year
	Name/Area
	Firm
	Finance

[EURmio]





	2010
	R&D trucks
	Daimler
	400



	2010
	Environmentally friendly vehicles
	Ford
	450 *



	2010
	EV and battery production
	Nissan
	220



	2011
	Research to meet emission targets
	Fiat
	250



	2011
	Hybridisation
	BMW
	325



	2011
	R&D (electrification)
	Renault
	180



	2012
	R&D (emissions/safety)
	Daimler
	300



	2013
	Innovative technologies
	BMW
	400



	2013
	Research to meet emission targets
	Renault
	400



	2013
	FCEV
	Daimler
	400



	2014
	R&D trucks
	Daimler
	500



	2014
	Innovative powertrains
	VW
	500



	2015
	R&D (efficient engines)
	FCA
	600



	2016
	R&D (alternative fuel/hybrid engines)
	FCA
	250



	2017
	Innovative powertrains
	PSA
	250



	2017
	R&D (hybrid/electric)
	Volvo Cars
	245



	2018
	Hybrid and electric vehicles
	FCA
	420



	2019
	Electric motor development
	PSA/NIDEC
	145



	2020
	EV (BEV/PHEV) production
	FCA (Stellantis)
	300



	2020
	PHEV production/R&D (automation)
	FCA (Stellantis)
	485







* GBP. Source: own collection from [6].
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Table 3. Initial values of the Banks and insurance’ balance sheets [EUR].
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Balance Sheet Item

	
From OEM (Automotive)

	
From OEM (Financial)






	
Cash and cash equivalents

	
1011




	
Loans to consumers

	
7.87 × 1012




	
OEM debt (short-term)

	
1.25 × 1011

	
7.21 × 1011




	
OEM debt (long-term)

	
1.73 × 1011

	
1.02 × 1012




	
Deposits

	
4.5 × 1012




	
Debt to central bank

Equity

	
4.5 × 1012

1012




	
Assets

	
1013




	
Liabilities and equity

	
1013








Source: own assumptions.
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Table 4. Initial values of the HHs’ balance sheets [EUR].
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Balance Sheet Item

	
Creditor

	
Debtor






	
Wealth (assets)

	
4.5 × 1012

	
9.04 × 1012




	
Bank loans

	
0

	
7.87 × 1012




	
Debt to OEM (short-term)

	
0

	
5.19 × 1011




	
Debt to OEM (long-term)

	
0

	
6.51 × 1011




	
Equity

	
4.5 × 1012

	
0




	
Assets

	
1.35 × 1013




	
Liabilities and equity

	
1.35 × 1013








Source: own assumptions.
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Table 5. Initial values of the OEMs’ balance sheet [EUR].






Table 5. Initial values of the OEMs’ balance sheet [EUR].





	
Balance Sheet Item

	
Automotive Division

	
Financial Division






	
Cash and cash equivalents

	
9.73 × 1010

	
1.10 × 1010




	
Securities

	
8.43 × 1010

	
5.52 × 109




	
Trade receivables

	
5.51 × 1010

	
0




	
Financial services receivables

	
0

	
2.60 × 1011




	
Inventories

	
8.75 × 1010

	
0




	
Property, plant & equipment

	
2.16 × 1011

	
0




	
Intangibles

	
2.40 × 1010

	
0




	
Leases

	
0

	
1.40 × 1011




	
Financial services noncurrent

	
0

	
3.26 × 1011




	
Trade payables

	
1.07 × 1011

	
0




	
Debt (short-term)

	
6.27 × 1010

	
3.60 × 1011




	
Debt (long-term)

	
8.96 × 1010

	
5.08 × 1011




	
Retained earnings

	
1.55 × 1011




	
Reserves

	
2.31 × 1010




	
Assets

	
1.31 × 1012




	
Liabilities and equity

	
1.31 × 1012








Source: own assumptions as a result of simplifying and aggregating the information contained in publicly available financial statements, as reported by several OEMs.
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Table 6. Further model assumptions for OEMs.
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	Constant/Variable
	Value
	Justification





	Administrative intensity
	4%
	Own analysis 1



	Corporate tax rate
	30%
	[5] (p. 128)



	Dividend distribution ratio
	40%
	[4] (p. 133)



	Emission penalties
	EUR 0
	Assuming targets are met



	Lifetime plant
	50 yr
	Values range up to 60 yr



	Lifetime vehicle
	5 yr
	Values range up to 10 yr



	Marketing intensity
	10%
	Own analysis 1



	R&D intensity
	6%
	Own analysis 1



	Revenues from leasing
	EUR 4900/car
	Own assumption



	Spread over APR
	1%
	Own assumption







1 Forthcoming. ‘Intensity’ is relative to sales revenues. Lifetime values sourced from OEM reports.
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Table 7. Assumptions, by type of vehicle.
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	Constant/Variable
	Unit
	Car
	Van
	Truck
	Bus





	Battery capacity 1
	kWh
	24/30/50
	24/30/50
	300
	250



	Labour cost
	EUR/vehicle
	5000
	3750
	25,000
	50,000



	Material cost [BEV]
	EUR/vehicle
	7845
	4095
	32,069
	114,224



	Material cost [ICEV]
	EUR/vehicle
	5000
	3750
	25,000
	50,000



	Annual mileage
	km/vehicle
	12,000
	24,000
	80,000
	110,000



	Fuel efficiency [BEV]
	kWh/km
	0.2
	0.2
	1.3
	1.3



	Fuel efficiency [ICEV]
	litre/km
	0.08
	0.08
	0.36
	0.36







1 The first value is used for 2005–2014, the second for 2015–2019 and the third for 2020–2030.
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Table 8. Simulated values of the financial KPIs and benchmarks.
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	KPI
	Simulated 1
	25%
	Median
	75%





	Gross margin
	42/37%
	28%
	43%
	63%



	Operating margin
	20/16%
	6%
	12%
	22%



	EBIT margin
	20/16%
	5%
	11%
	18%



	Net profit margin
	13/11%
	2%
	7%
	15%



	ROE
	7/4%
	3%
	10%
	18%







1 These are our model results, with the first value corresponding to 2005 and the second to 2030. The values for the last three columns correspond to quartiles from large US firms in 2018 and were sourced from Table 2.4 in [24].
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