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A B S T R A C T

This paper studies how vertical integration, subsidies, and interoperability regulation shape investment and 
welfare in electric vehicle (EV) public charging markets. We model the interaction between Charging Point 
Operators (CPOs), which invest in charging infrastructure, and Mobility Service Providers (MSPs), which sell 
charging services to end users. The model features indirect network externalities: denser infrastructure reduces 
range anxiety and increases EV adoption, while higher EV demand raises infrastructure profitability. In the 
benchmark laissez-faire environment, vertical integration creates a trade-off. Integrated CPOs-MSPs may fore
close rival MSPs and reduce downstream competition, but they also internalize the complementarity between 
infrastructure investment and EV demand, generating higher infrastructure density, EV adoption, consumer 
surplus, and welfare than vertical separation. This welfare ranking is established under foreclosure and is then 
generalized in a robustness extension with interoperability constraints. Minimum-margin rules keep the rival 
MSP active and soften foreclosure, while the integrated firm still retains part of its investment advantage. 
However, when interoperability entails compliance and coordination costs, stricter access regulation may further 
weaken infrastructure investment incentives. We also compare consumer subsidies and firm subsidies within the 
benchmark environment. Consumer subsidy dominates under vertical integration, while firm subsidy may 
dominate under separation only when network effects are sufficiently strong. A calibration to Italian metro
politan areas supports these mechanisms and highlights a fiscal trade-off: consumer subsidy generates larger 
welfare gains, whereas firm subsidy may deliver higher environmental benefits per euro spent.

1. Introduction

The electric vehicle (EV) market is rapidly accelerating, as is in
vestment in the charging infrastructure needed to support this growing 
market.1 While the vast majority of EV charging now takes place at 
home and at work, widespread, open-access public infrastructure, such 
as chargers available street-side, kerbside, or in public parking, are 

essential not only for long-distance trips but also for car owners living in 
multi-family homes without access to charging facilities. Recent de
velopments in consumer response to EV adoption indicate that charging 
has emerged as the primary concern for EV drivers, leading some to 
argue that the real issue is not 'range anxiety' but rather 'charging anx
iety'.2 Hence, to support the transition to EVs, facilitating such charging 
is crucial.
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E-mail addresses: tiziana.dalfonso@uniroma1.it (T. D'Alfonso), mirko.giagnorio@uniroma1.it (M. Giagnorio), maria.bratt.borjesson@vti.se (M. Börjesson). 
1 Globally, countries are setting ambitious goals to transition from internal combustion engines (ICEs) to EVs. Notable targets include France and the UK by 2040, 

Norway by 2025, China by 2035, and India by 2030. Holland et al. (2021) examine the welfare implications of banning gasoline vehicle production, while Rapson 
and Muehlegger (2023) discuss the external benefits of EVs, such as reducing pollution, fostering industrial learning-by-doing, creating network externalities with 
infrastructure, and enhancing energy security. Despite operational savings, consumers face obstacles such as higher upfront costs, limited driving range, long 
charging times, with a lack of sufficient infrastructure being indeed a major hindrance to broader acceptance (Claudy et al., 2015).

2 Zatsarnaja et al. (2025) highlighted a strong relationship between perceived ease of charging, charging flexibility, and the level of range anxiety. Additionally, 
practical evidence from charging operations indicates a growing concern among EV drivers (Jenn, 2024). To date, consumption rivalry for EV charging services 
remains a local phenomenon limited to peak hours (Soetevent, 2024); however, it may become a more significant issue as the EV market matures.
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Some features of the charging market may justify policy in
terventions such as subsidies and regulation.

First, the market is characterized by large network effects which lead 
to a chicken-and-egg dilemma (Caillaud and Jullien, 2003). A large 
network of public chargers reduces range anxiety as it diminishes the 
risk of running out of power en route and lowers the overall expense of 
detouring to locate a charging station (Zhang et al., 2011). Greater 
availability of public chargers then increases the demand for EVs. And 
higher demand for EVs increases in turn the optimal size of the public 
charging network. Accordingly, the value of adoption in one market 
segment (EVs) increases with the expansion of the network size in the 
other segment (charging infrastructure).3

Second, without EV charging interoperability – allowing vehicles to 
be charged at any station, regardless of manufacturer or network oper
ator, covering connector capabilities, network roaming, and payment 
methods – limited competition on the charging market reduces network 
access.

There are two types of firms in the charging market. The upstream 
Charging Point Operators (CPOs) install, activate, and manage the 
infrastructure, often partnering with public or private entities for 
installation sites. Downstream, Mobility Service Providers (MSPs) offer 
recharging services to end users through apps, setting €/kWh prices or 
kWh package subscription plans. CPOs and MSPs may enter interopera
bility agreements (or roaming contracts) - with the aim of enabling more 
and more e-drivers to access the network - where CPOs charge MSPs a 
wholesale price (roaming price) for network access. CPO and MSP ac
tivities can be conducted by the same entity, in a vertically integrated 
market, or by separate entities in a vertically separated market.

Third, a potential market failure arises from barriers to entry and 
network externalities in the upstream market. CPOs often benefit from 
positive network externalities, established relationships with local au
thorities and, in some cases, belong to the same corporate group as the 
local electricity grid operator. These factors may strengthen market 
power and explain why EU regulation emphasizes effective competition, 
including roaming contracts with MSPs. Current EU rules allow vertical 
integration between CPOs and MSPs, but impose controls to prevent 
discriminatory access conditions. Concerns are particularly relevant 
when dominant vertically integrated CPOs engage in margin squeeze 
strategies, setting wholesale access prices that make rival MSPs 
commercially unviable relative to the retail prices charged to end users. 
While interoperability ensures formal access to the network, MSPs that 
lack an ownership stake in charging infrastructure may still face eco
nomic barriers to entry or expansion. This creates the risk of foreclosure, 
with negative implications for competition, innovation, and consumers’ 
ability to access multiple charging networks through a single MSP 
platform. At the same time, vertical integration may generate efficiency 
gains by eliminating successive markups and internalizing service, 
quality, and network externalities. Assessing its welfare impact there
fore requires balancing foreclosure risks against potential efficiency 
benefits.

The objective of this paper is to analyse how vertical integration, 
interoperability regulation, and subsidies affect welfare and consumer 
surplus in public EV charging markets. We examine the interaction be
tween CPOs, which invest in charging infrastructure, and MSPs, which 
provide charging services to end users. The model explicitly accounts for 
indirect network effects between EV adoption and charging infrastruc
ture: a denser charging network reduces range anxiety and increases EV 
demand, while higher EV demand raises the profitability of infrastruc
ture investment.

We first study a benchmark laissez-faire environment. In integrated 
markets, one firm operates both as CPO, installing charging stations at a 
cost, and as MSP, selling charging services to end consumers. A second 
firm operates only as an MSP and purchases access to the integrated 
CPO's infrastructure at a unit wholesale price. In separated markets, 
instead, the CPO only invests in infrastructure, while two downstream 
MSPs purchase charging services through interoperability contracts and 
compete in the retail market. This framework allows us to compare in
tegrated and separated market structures in terms of foreclosure in
centives, infrastructure investment, EV adoption, consumer surplus, and 
social welfare. The main welfare ranking is established in this bench
mark environment, where the vertically integrated CPO-MSP can engage 
in full foreclosure. Vertical integration creates a trade-off between 
competition and investment incentives. On the one hand, the integrated 
firm may exclude rival MSPs and reduce downstream competition. On 
the other hand, it internalizes the complementarity between infra
structure investment and EV demand. As a result, vertical integration 
may generate higher infrastructure density, EV adoption, consumer 
surplus, and welfare than vertical separation, despite foreclosure. This 
ranking should therefore be interpreted as the benchmark foreclosure 
result.

To assess the robustness of this mechanism, we relax the full- 
foreclosure assumption and consider partial foreclosure under interop
erability constraints, captured by minimum-margin rules (or con
strained wholesale pricing). In this setting, the integrated CPO-MSP 
cannot fully exclude the rival MSP, and downstream competition is 
strengthened relative to the benchmark foreclosure case. However, the 
integrated firm continues to internalize at least part of the comple
mentarity between infrastructure deployment and charging demand. 
Hence, interoperability regulation attenuates, but does not necessarily 
reverse, the benchmark welfare ranking. We further consider the case in 
which access obligations generate compliance and coordination costs. In 
this setting, stricter regulation may further weaken infrastructure in
vestment incentives.

We then introduce policy intervention through subsidies within the 
same benchmark environment, where the integrated CPO-MSP is not 
constrained by access regulation. Subsidies may be granted either to EV 
buyers, through consumer subsidy, or to the CPO, through firm subsidy 
aimed at expanding the infrastructure network. We show that the 
effectiveness of each instrument depends on market structure. In inte
grated markets, consumer subsidy dominates firm subsidy because the 
integrated firm already internalizes infrastructure-demand comple
mentarities and benefits more from demand expansion. In separated 
markets, firm subsidy may dominate only when network effects are 
sufficiently strong, as it helps correct underinvestment in infrastructure. 
We complement the theoretical analysis with a model application to 
Italian metropolitan areas. The calibration supports the main mecha
nisms and adds a further policy insight: consumer subsidy generates 
larger market expansion and welfare gains, while firm subsidy may be 
more fiscally efficient when environmental benefits are evaluated per 
euro of public expenditure.

This study is positioned within the economic and antitrust debate 
concerning the effects of vertical mergers on welfare. Vertical integra
tion can lead to market foreclosure, where an integrated firm restricts a 
rival's access to inputs to gain monopoly power, potentially raising 
prices and harming consumers (Hart and Tirole, 1990; Ordover et al., 
1990).4 Conversely, vertical integration may have several 
efficiency-improving effects that ultimately lower prices, improve 

3 Empirical analysis shows stronger indirect network effects on the demand 
side of EVs, with an elasticity of EV adoption with respect to public infra
structure availability to be 0.84 and the elasticity of public infrastructure in
vestment with respect to the EV installed base to be 0.61, in the US case (Li 
et al., 2017).

4 Notably, initial empirical evidence from the EV market suggests that elec
tricity price elasticity is a significant factor influencing consumers' mileage 
(Nehiba, 2024), as charging service prices affect their behaviour.
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product quality, and thus increase welfare (Machlup and Taber, 1960).5

Building on this discourse, our study contributes to two key areas in 
the economics of electric vehicles.

Firstly, it enriches the extensive body of work on indirect network 
effects between EVs and infrastructure market segments. Within this 
literature, our research aligns closely with theoretical analyses of EV 
adoption, where the utility of adopting EVs in one market segment in
creases with the expansion of the network size in the complementary 
segment (infrastructure), i.e., Jang et al. (2018), Kumar et al. (2021), 
Yoo et al. (2021) and Shao et al. (2023). We build on these studies to 
explicitly model how consumer utility is enhanced by the deployment of 
infrastructure, as higher levels of infrastructure reduce the chance of 
depleting the battery before arriving at a destination, reduce range 
anxiety, minimize the need for detours, and the associated inconve
nience. However, these studies do not address interoperability agree
ments between CPOs and MSPs, as the provision of infrastructure and 
services is typically managed by a single entity and MSPs are not 
modelled (EV manufacturers in Jang et al., 2018; EV manufactur
ers/integrated CPOs in Yoo et al., 2021; Shao et al., 2023; EV manu
facturers/government in Yoo et al., 2021; Kumar et al., 2021). In our 
paper, the CPO provides an input for an MSP oligopoly and charges a 
wholesale price, with the equilibrium of this downstream market 
determining the demand for charging services. This framework enables 
us to analyse how investment incentives for expanding the infrastructure 
network and the demand for EVs differ between integrated and sepa
rated markets characterized by indirect network effects. Moreover, we 
can identify possible trade-offs between welfare and competition arising 
in the case of integrated markets, compared to the case of separated 
markets.6

Secondly, our analysis adds to the substantial literature on the effects 
of government programmes aimed at promoting the adoption of EVs. 
Evidence suggests a strong positive correlation between EVs purchases 
and both consumer and firm subsidies, as noted by Jenn et al. (2018), 
Clinton and Steinberg (2019), Springel (2021a, 2021b), Guo and Xiao 
(2023) and Chou and Derdenger (2025). Generally, the results are 
mixed but indicate that expenditures on firm subsidies may yield a 
greater increase in EVs purchases compared to equivalent spending on 
consumer subsidies (Springel 2021a; Muehlegger and Rapson, 2022).7

In this strand of literature, our research closely parallels the 

game-theoretic frameworks used to evaluate subsidies (Shao et al., 
2017; Jang et al., 2018; Yoo et al., 2021; Kumar et al., 2021; Li and 
Wang, 2023). Again, none of these papers address interoperability 
agreements between CPOs and MSPs. Our theoretical analysis shows 
that the effectiveness of a policy varies with the nature of the vertical 
relationship between CPOs and MSPs. We are thus able to revisit con
ventional results on the rationale and effects of EV subsidies.

This paper is organized as follows. Section 2 describes the key players 
in the EV public charging industry. Section 3 presents the benchmark 
laissez-faire model. Section 4 analyses consumer and firm subsidies. 
Section 5 applies the model to Italian metropolitan areas, with particular 
attention to the subsidy comparison. Section 6 concludes with policy 
implications and avenues for future research. In the Appendix, we pro
vide additional details on the industry background and regulatory 
framework and the robustness extension on partial foreclosure under 
interoperability constraints.

2. Key players in the EV public charging industry

The EV public charging industry is evolving rapidly, presenting 
different key players and interlinkages (see Fig. 1). Typically, the CPO: 

(i) identifies the appropriate site for the installation of the 
infrastructure8;

(ii) designs the facility and obtains all necessary permits for the use of 
the site;

(iii) builds (or, more commonly, buys from a provider) the charging 
station and takes care of its operation and maintenance;

(iv) holds the power supply contract with the energy provider;
(v) set up payment solutions for the ad-hoc recharging.

The MSP: 

(i) enters interoperability contracts with CPOs so that they can 
deliver electricity at the economic conditions pre-established;

(ii) set up payment solutions and pricing schemes (except for ad-hoc 
recharging);

(iii) offers a range of other ancillary services - by providing the user 
with a specific app or card - such as management of interopera
bility for access to different charging networks/infrastructures of 
various CPOs, management of remote payment methods, provi
sion of aids for locating and reserving refuelling points, naviga
tion services.

Note that an MSP can also access a CPO indirectly through another 
MSP, in what is known as second-level roaming. This arrangement is 
often used for international charging services, especially when MSPs 
operate in different countries. Interoperability may also be facilitated by 
third-party roaming platforms, such as Hubject, Gireve, and e-Clearing 
in Europe, which integrate charging networks at national and supra- 
national level and allow MSPs to offer customers access to a wider 
network of charging points. However, vertically integrated CPO-MSPs 
may decide not to join these platforms, preferring bilateral agreements 
in order to retain greater control over access conditions for rival non- 
integrated MSPs (European Commission, 2023).

Regulatory approaches differ across jurisdictions. The EU27, the UK, 

5 Grossman and Hart (1986) formalized the transaction cost theory of vertical 
integration. Their framework could help contextualize why firms choose ver
tical integration as a strategy and how this decision impacts market foreclosure 
and efficiency. Additionally, Williamson's (1985) work on transaction cost 
economics provides a foundational perspective on the conditions under which 
vertical integration is welfare-enhancing versus when it may lead to 
anti-competitive practices.

6 Note that our analysis considers the role of interoperability standards, 
which are crucial for facilitating competition and enhancing consumer experi
ence. As highlighted by Blind et al. (2023), standards play a pivotal role in 
fostering innovation and market development, yet existing studies have pri
marily focused on physical charging interfaces. For instance, Li (2023) exam
ines compatibility issues in the US electric vehicle market, with an emphasis on 
physical interfaces but notes the potential importance of roaming fees and 
network compatibility in future research. In our paper, we address this gap by 
exploring how interoperability between CPOs and MSPs, including roaming 
agreements, influences market outcomes.

7 Empirical analyses by Holland et al. (2016) and Archsmith et al. (2015)
examine the environmental and economic impacts of EV adoption under 
various subsidy structures and provide evidence on how regional differences (e. 
g., energy mix) affect the net benefits of EV subsidies. This is particularly 
relevant when discussing how government interventions can yield differing 
results based on local market conditions (DeShazo et al., 2017). In line with 
this, Zhou and Li (2018) highlight the role of subsidies in reaching a critical 
mass of EV adoption, particularly in metropolitan areas where network effects 
are stronger, reinforcing our focus on the spatial heterogeneity of policy 
impacts.

8 For charging stations on publicly accessible private properties, property 
owners can negotiate freely with a CPO regarding the fee for acquiring the right 
to use the site and installing the chargers. For public properties, local author
ities typically choose between two regulatory arrangements: (i) competitive 
tendering procedures to grant exclusive concessions to a CPO for installing and 
operating infrastructure in a specific area for a fixed duration (competition for 
the market); or (ii) CPOs can freely apply for permits to install charging stations 
in a designated area (competition in the market).
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and China all promote interoperability, although with different 
emphasis: China focuses mainly on technical standards and charging 
interfaces, the UK on payment convenience and roaming contracts, and 
the EU27 on non-discriminatory pricing between end users and MSPs. 
Despite these rules, many CPOs have invested in both hardware and 
software and now operate as their own MSPs, offering integrated ser
vices for payment, booking, tariffs, and routing. 9 Pure MSPs, such as 
ChargeMap and Plugsurfing, show that non-integrated providers can 
still compete by aggregating access to large international charging 
networks.10

The reader may refer to the Appendix, see Section A.1. for further 

details on the industry background and regulatory frameworks.

3. Laissez-faire regime

We consider a single CPO operating within a “home territory”, which 
can be interpreted as a collection of local areas (e.g., metropolitan 
areas). Within this territory, infrastructure is characterized by its 
capillarity, which we measure through density, that is, the diffusion of 
infrastructure relative to territory or population. In the context of EV 
charging, density can be measured as charging stations per km2 (rele
vant for physical proximity) or charging stations per capita (relevant for 
service availability to the population).

Demand. Let the consumers derive utility of possessing an EV be V. 
For analytical tractability reasons, we assume that this utility derived 
from owning the EV is heterogenous in the population and follows a 
uniform distribution in [0,1], i.e., V ∼ U[0,1], with v being the realiza
tion of V. Let the infrastructure density (capillarity) within the territory 
be k. A low k corresponds to sparse geographic coverage, while a high k 
reflects a well-diffused charging network. This interpretation allows the 
model to capture differences between low-density and high-density 
areas, where pricing margins and investment incentives may differ 
due to cost recovery and demand responsiveness. We assume that con
sumers obtain a benefit f(k) when the firm invests in expanding and 
densifying the charging network, thereby increasing infrastructure 
density k, with fʹ(k) > 0 - because consumers' range anxiety and 
inconvenience can be alleviated by an increase in the infrastructure 
density (measured here by the number of public charging stations 
located in each area). We shall use the explicit functional form f(k) =

Fig. 1. Key players and interlinkages in EV public charging industry 
The Distribution System Operator (DSO) is responsible for installation, monitoring, and maintenance of electricity distribution systems and meters based on the 
power required for the charging station. Hardware System Providers manufacture and sell charging equipment (AC/DC) according to the CPO's specifications. These 
providers can differ from those that install and maintain the charge points, perform routine checks, make repairs, and provide cleaning services (Installation and 
Maintenance Providers). Payment Service Providers support both CPOs and MSPs in processing payments and billing.

9 Note that companies operating in the EV charging industry can be classified 
broadly as pure-play EV charging companies (i.e., EV charging focused start- 
ups) and expanding incumbents (i.e. larger players entering from external 
sectors including oil and gas, technology, equipment manufacturing, utilities 
and auto makers). Examples of pure-players include ChargePoint, GreenWay, 
Allego, Blink Charging, and EVgo (see also subsequent Table A.2 for reference 
to countries where they operate). On the other hand, expanding incumbents 
encompass Shell Recharge (oil and gas), TotalEnergies (oil and gas), Be Charge 
(oil and gas), Mer (utility), Enel X Way (utility), Vattenfall InCharge (utility), 
Tesla (automotive), Ionity (automotive). These are all cases of CPOs functioning 
as their own MSPs.
10 Another group of successful MSPs operates without vertical integration 

with a CPO by being integrated with auto makers. For instance, several well- 
known manufacturers such as Audi, BMW, Ford, Hyundai, Kia, and Porsche 
have integrated IONITY into their networks, often due to partial ownership 
interests in IONITY.
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βkα, with β > 0 and 0 < α < 1. Parameter β captures the overall in
tensity (or scale) of the utility benefit generated by infrastructure den
sity. For example, a low β may reflect a situation where charging stations 
exist but are not perceived as sufficiently close or convenient (e.g., 
located far from daily routes). In this case, the marginal utility of 
infrastructure, and therefore the investment return for the CPO, is 
limited. A high β may reflect a situation where stations are effectively 
proximate and well distributed relative to users' needs. In this case, the 
same level of k generates a stronger demand effect. Conversely, 
parameter α governs the curvature of the function and therefore mea
sures the degree of diminishing marginal returns associated with the 
expansion of infrastructure density. A higher β implies a larger marginal 
utility gain for any given level of infrastructure density, whereas α de
termines how rapidly marginal benefits decline as infrastructure density 
increases. Consistently: (i) the benefit of increasing infrastructure den
sity rises with higher values of β; (ii) there are diminishing marginal 
returns in a consumer's utility as the infrastructure density increases, i. 
e., fʹ́ (k) < 0 and lim

k→∞
fʹ(k)→0.11

To simplify our analysis, we set α = 1/2 (see also Shao et al., 
2023).12 We denote by t the (exogenously defined) annual capital and 
maintenance costs of an EV, by p the price for charging services during 
an EV's lifetime per kWh and by n the annual charging services (in kWh) 
demanded by a consumer possessing an EV (which is assumed to be 
equal across all consumers possessing an EV).13 In this framework, a 
consumer's net utility from possessing an EV is V − t + β

̅̅̅
k

√
− p⋅n. Let V0 

be the gross utility of the marginal consumer who obtains zero utility 
from possessing an EV: 

V0 = − β
̅̅̅
k

√
+ t + p⋅n. (1) 

The demand for EVs thus equals (see Fig. 2): 

D(p, k)=1 − V0 = 1 − t + β
̅̅̅
k

√
− p⋅n. (2) 

while the number of consumers who do not possess EVs is V0. Intuitively, 
the demand for EVs decreases as the price of an EV and the electricity 
price at the charging station increases, while it increases as the infra

structure density increases because consumers' range anxiety is 
alleviated.

We normalize n = 1, and the annual demand for EVs equals the 
annual number of charging services. Moreover, let A(k) = 1 − t+ β

̅̅̅
k

√
. 

We can write D(p, k) = 1 − V0 = A(k) − p and the annual consumer 
surplus of individuals who possess EVs is defined as 

CS(p, k)=
∫ 1

− β
̅̅
k

√
+p+t

(
v − t+ β

̅̅̅
k

√
− p

)
dv =

1
2
(A(k) − p)2

. (3) 

Supply. We compare two industry configurations. In scenario I, we 
consider a vertically integrated firm, firm A, which acts as a CPO and 
MSP. This firm competes downstream with a firm acting as an MSP only, 
firm B. In scenario S, we consider vertically separated firms. Firm Γ acts 
as a CPO only. Downstream, firms A and B act as MSPs (see also Fig. 3).14

Following the jargon in the literature, (see Chipty, 2001), we will refer 
to scenario I as the case of “integrated markets”, while we will refer to 
scenario S as the case of “separated markets”. In each scenario, let qA 

(qB) be the annual number of charging services produced by firm A (B). 
These services are assumed to be homogeneous. Then, Q = qA + qB de
notes the total annual supply of charging services from the two MSPs, 
which equals total annual demand of charging services by the consumers 
possessing an EV.

Given (2), the inverse demand function for charging services in this 
duopoly market is 

p(qA, qB, k)=A(k) − (qA + qB). (4) 

We compare market outcomes, consumer surplus and social welfare 
across integrated and separated markets. We investigate whether a 
trade-off between welfare and competition arises in the case of inte
grated markets.

Note that, to explicitly account for the environmental externalities 
associated with EV adoption, the welfare specification includes a term 
capturing the net change in externalities, such as emissions, noise. Let Δe 
denote the change in externalities when a consumer switches to an EV 
from an alternative transport mode, where Δe > 0 indicates a reduction 
in externalities and Δe < 0 indicates an increase. Let SCC denote the 
monetary value of the marginal social damage associated with one 
additional unit of externalities. We define λ = Δe⋅SCC, which represents 
the per-EV monetized net externality effect. The reader may refer to 
Section 5 for further details on the computation of SCC and λ. If D de
notes EV demand, as defined in (2), the total environmental welfare 
component (E) equals λ⋅D. In the theoretical framework, we restrict 
attention to the case where λ > 0; this assumption is discussed in Section 
5.

3.1. Integrated CPO-MSP markets

Firm B enters an interoperability contract with firm A for the pur
chase of qB annual charging services at a unit wholesale price w, and sells 

Fig. 2. Purchasing behaviours of heterogeneous consumers.

11 Explicitly modelling spatial competition between CPOs, for instance along 
the lines of a Hotelling framework would be an interesting and valuable 
extension to shed light on how the distribution of operators constrains pricing 
and investment decisions. Differences in spatial density across areas could also 
generate differentiated policy implications, particularly between low-density 
and high-density regions as you mention. Spatial interaction across charging 
networks and consumers' mobility across territories is left for future research – 
see also discussion in Section 6. Note that the current model incorporates the 
effective competitive pressure in each area through (i) the downstream MSP 
competition and (ii) the demand effect of charging availability. The model 
setup features a spatial interpretation through the definition of infrastructure 
density (capillarity), k. In our setup, in low-density areas, higher margins may 
be necessary to cover infrastructure costs, whereas in high-density areas pricing 
power is naturally constrained by greater service availability and competitive 
pressure.
12 In our model, consumers are heterogeneous in their basic WTP for the EV. 

However, all consumers buying an EV enjoy the same benefit from the infra
structure density. This assumption has also been made in contexts where 
‘quality’ depends on the number of users joining a network (e.g., Katz and 
Shapiro, 1985), on downstream firms' ability to use network investments 
(Foros, 2004; Avenali et al., 2014), on information benefit related to the con
sumer's decision on whether or not to share personal data (Conti and Reverberi, 
2021). More generally, consumers may even be heterogeneous in their valua
tion of the infrastructure density.
13 For instance, by considering an energy consumption rate of 0.21 kWh/km 

for a mid-size e-car (Wu et al., 2015) and an annual mileage of 11,200 km 
(Danielis et al., 2018), then n would approximate 2 350 kWh per year. Notably, 
the energy consumption of an electric vehicle is affected by both vehicle-related 
(e.g., speed, acceleration, and braking) and environment-related (e.g., tem
perature and traffic conditions) factors (Zhang et al., 2020).

14 In this paper, we focus on a vertical structure where CPOs provide an input 
for an MSP oligopoly, and it is the equilibrium of this downstream market 
which determines the charging services demand. We abstract away from the EV 
manufacturers market. Note that the case where EV manufacturers also account 
for the charging market may appear. For instance, in US 65% of the EV market 
share is maintained by Tesla, which also account for 23.8% of the (fast) 
charging market (Shao et al., 2023). We discuss this issue as a direction for 
future research in concluding remarks.
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it to end customers at unit price p. As a CPO, firm A invests in expanding 
and densifying the charging network, thereby increasing infrastructure 
density k at a per unit capital and maintenance cost r > 0. Firm A pro
duces annually Q = qA + qB charging services, where qA is the amount of 
charging services sold to end customers at unit price p in her role of MSP. 
The unit production cost of charging services is c > 0. The reader may 
refer to Fig. 3 (left panel) for a sketch of market structure. Let πA and πB 
indicate the profits of the two firms.

Social welfare is given by: W = CS+ πA + πB + λ⋅ D, where CS is 
consumer surplus as in (3). This formulation allows welfare comparisons 
under alternative carbon valuations. According to this specification, a 
higher carbon value (higher SCC) or larger externalities differentials 
increase λ, thereby raising the social value of policies or market struc
tures that expand EV adoption. Importantly, a higher λ: (1) increases the 
welfare weight placed on demand expansion; (2) strengthens the case for 
policies that stimulate charging infrastructure investment and EV 
diffusion.

The sequence of the decisions is as follows. At stage one, the firm A 
maximizes her profit determining the infrastructure density k and the 
unit wholesale price w for providing access to charging services to firm 
B; at stage two, firm A and firm B compete in the downstream market ̀a la 
Cournot, i.e., they maximize their profits while choosing qA and qB. In 
comparison to price-setting strategies and a Bertrand equilibrium, the 
quantity-setting Cournot paradigm seems to correspond to the down
stream markets much more closely. The Bertrand equilibrium is sup
ported by the assumption that any firm can capture the entire market by 
pricing below others and can expand output to meet such demand.

We solve the game by backward induction. At stage two, MSPs 
compete ̀a la Cournot by maximizing their profits while choosing qA and 
qB. The corresponding objective functions are reported in equations (5) 
and (6). 

πA(qA, qB;w, k)= (p − c)qA +(w − c)qB − rk (5) 

πB(qA, qB;w, k)= (p − w)qB. (6) 

Solving the second-stage Cournot problem associated with the 
objective functions in equations (5) and (6) yields the equilibrium 
quantities reported in Appendix A.2.1.

At stage one, firm A in her role of CPO determines the infrastructure 
density, k, and the unit wholesale price w for providing access to 
charging services to firm B. We obtain first stage profit of firm A by 
substituting the second-stage equilibrium quantities reported in Ap
pendix A.2.1 into equation (5). Equation (7) is therefore the corre
sponding first-stage objective function. 

πA(w, k)= (A(k) − (qA(w, k)+ qB(w, k)) − c)qA(w, k)
+ (w − c)qB(w, k) − rk

(7) 

First order conditions for profit maximization yield optimal infra
structure density and unit wholesale price, wI and kI, respectively (the 
superscript I indicates scenario I where a CPO is vertically integrated 
with an MSP). Using wI and kI together with the second-stage equilib
rium quantities reported in Appendix A.2.1, we obtain the equilibrium 
supply of charging services, qI

A and qI
B. By plugging in qI

A and qI
B in (4) it 

is easy to obtain the price for the charging service, pI, and, consequently, 
firms’ profits, πI

A and πI
B, consumer surplus, CSI, and social welfare, WI. 

DI = qI
A + qI

B measures the demand for EVs in equilibrium since n is 
normalized to 1. All expressions are collected in the Appendix, see 
Table A.3. 

Proposition 1. Consider the case of integrated markets. The vertically 
integrated CPO squeezes her rival's margins between the wholesale price, for 
the access to the infrastructure sold to the rival, and the price for the charging 
service to consumers for whom the two firms compete, i.e., wI = pI.

Corollary 1. Consider the case of integrated markets. The vertically inte
grated CPO will foreclose the downstream MSP market to maximize profit.

The proof of Proposition 1 and Corollary 1 follows straightforward 
since, at the Cournot-Nash equilibrium, the integrated CPO sets wI = pI 

and qI
B = 0 (and πI

B = 0) follows (Table A.3 in the Appendix).15

3.2. Separated CPO-MSP markets

The firm Γ acts as a CPO only. Downstream, firms A and B act as 
MSPs and both enter interoperability contracts with firm Γ for the pur
chase of qA and qB charging services, respectively, at a unit wholesale 
price w, and sell them to end customers at unit price p. As a CPO, firm Γ 
installs k charging stations at a per unit cost r > 0 and produces 
Q = qA + qB charging services. The unit production cost of charging 
services is c > 0. The reader may refer to Fig. 3 (right panel) for a sketch 
of market structure. Let πA, πB and πΓ indicate the profits of the three 
firms. Then, social welfare is defined as W = CS+ πA + πB + πΓ + λ⋅D, 
where D is the EV demand as in (2) and CS is consumer surplus as in (3). 
The sequence of the decisions is as follows. At stage one, the CPO, firm Γ, 
maximizes her profit and determines the infrastructure density, k, and 
the unit wholesale price w for providing access to charging services to 
firm A and B; at stage two, firm A and firm B compete in the downstream 

Fig. 3. Industry configurations in the CPO (upstream) and MSP (downstream) market. Scenario I (left panel) and scenario S (right panel).

15 The proof of the Propositions and Corollaries that follow are available upon 
request from the authors.
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market à la Cournot, i.e., they maximize their profits while choosing qA 
and qB.

We solve the game by backward induction. At stage two, MSPs 
compete à la Cournot by maximizing the objective functions reported in 
equation (8): 

πA(w, k)= (p − w)qA 

πB(w, k)= (p − w)qB. (8) 

Solving the second-stage Cournot problem associated with the 
objective functions in equation (8) yields the equilibrium quantities 
reported in Appendix A.2.1.

At stage one, firm Γ determines the infrastructure density, k, and the 
unit wholesale price w for providing access to charging services to firms 
A and B. First stage profit of firm Γ is 

πΓ(w, k)= (w − c)(qA(w, k)+ qB(w, k)) − rk. (9) 

First order conditions for profit maximization yield to equilibrium 
expressions for the access charge and the level of public charging in
vestment, wS and kS, respectively (the superscript S indicates scenario S 
where a CPO and MSPs are vertically separated). Using wS and kS 

together with the second-stage equilibrium quantities reported in Ap
pendix A.2.1, we obtain the equilibrium supply of charging services of 
either MSP, qS

A and qS
B (corresponding to the level of demand for EVs). It 

is easy to obtain the price for the charging service, pS, firms’ profits, πS
A, 

πS
B and πS

Γ, consumer surplus, CSS, and social welfare, WS. DS = qS
A+ qS

B 
measures the demand for EVs. All expressions are collected in the Ap
pendix, see Table A.3.

3.3. Effects on prices, consumer surplus and social welfare

In this section, we compare prices, consumer surplus and social 
welfare across integrated and separated markets. 

Proposition 2. In CPO-MSP markets the following holds: 

(i)  the wholesale price for the access to the infrastructure is lower in the 
case of separated markets, i.e., wS < wI,

(ii)  the price for the charging service to consumers is lower in the case of 
separated markets if and only the value consumers attach to the 
infrastructure density is high enough, i.e., pS < pI if and only if β >
̅̅̅̅̅
2r

√
,

(iii)  and the infrastructure density and the demand for EVs decreases in the 
case of separated markets, i.e., kS < kI and DS < DI.

In Proposition 2, the result (ii) follows from the two possibilities that 
the CPO-MSP might implement to stimulate demand. She can increase 
the infrastructure density to reduce range anxiety or lower the price for 
the charging service. If the value that consumers attach to the expansion 
of the infrastructure density is high, i.e. β >

̅̅̅̅̅
2r

√
, the CPO-MSP increases 

her profit the most by expanding the infrastructure density. However, if 
the value consumers attach to increases in the infrastructure density is 
low, i.e. β <

̅̅̅̅̅
2r

√
, the CPO-MSP increases her profit more by reducing 

the price to final consumers, i.e., pI < pS, because expanding the infra
structure is expensive.

The mechanism underlying Proposition 2 can be understood through 
a standard internalization argument. A charging operator that jointly 
controls infrastructure investment and downstream pricing internalizes 
the demand-side effects of infrastructure density. A higher infrastructure 
density mitigates range anxiety, increases EV adoption, and raises 
charging demand; under integration, these effects accrue directly to the 
same firm through higher revenues. By contrast, when infrastructure 
investment and downstream charging services are controlled by sepa
rate firms, the benefits of increased infrastructure density are partially 
external to the investing party, thereby weakening investment 
incentives.

Taken together, highlight a fundamental trade-off. Vertical integra
tion between a firm operating upstream as a CPO and downstream as an 
MSP reduces competitive pressure in the downstream market, but it also 
strengthens incentives to invest in infrastructure. As a result, greater 
competition does not necessarily translate into higher consumer surplus 
or social welfare. This logic parallels well-established results in indus
trial organization: a monopolist internalizes demand-related external
ities, such as congestion, service quality, or infrastructure density, when 
choosing capacity or network scale, whereas decentralized market 
structures may fail to do so. 

Corollary 2. In the integrated market, the CPO-MSP will foreclose the 
downstream market to maximize profit. However, compared to the case of 
separated markets, the infrastructure density and the demand for EVs is 
higher than in the vertically separated market.

The proof of Corollary 2 follows from Proposition 1, i.e., wI = pI, and 
Proposition 2(iii), i.e., kS < kI and DS < DI. We finally compare consumer 
surplus and social welfare in the two scenarios.

Proposition 3. The consumer surplus and social welfare are lower in the 
separated markets than in the integrated, i.e., CSS < CSI and WS < WI.

Although the integrated CPO may charge consumers a higher price for the 
charging service, i.e., pS < pI if β >

̅̅̅̅̅
2r

√
, consumer surplus always increases. 

This is because the positive demand externality generated by infrastructure 
density more than offsets the negative price effect. The result on welfare 
follows from the fact that πS

A + πS
B + πS

Γ < πI
A.

Proposition 4. A vertically integrated firm A acting both upstream as a 
CPO and downstream as an MSP gains higher profit compared to the case 
where she acts as a CPO only or as an MSP only, i.e., πS

A < πI
A and πS

Γ < πI
A. 

Moreover, it results: ∂
(
πI

A − πS
A
)
/∂β > 0 and ∂

(
πI

A − πS
A
)
/∂r < 0, as well as 

∂
(
πI

A − πS
Γ
)
/∂β > 0 and ∂

(
πI

A − πS
Γ
)
/∂r < 0.

Combining Proposition 3 and 4 shows that the scope of the incentive 
to enter both the upstream and the downstream market increases with 
the value consumers attach to the infrastructure density, β, and de
creases with the per unit capital and maintenance cost of installing 
infrastructure, r.

Since the merger will choose to foreclose the downstream MSP 
market to maximize profit, but the infrastructure density and the de
mand for EVs, as well as consumer surplus and social welfare increases 
compared to vertically separated markets, our results show that a trade- 
off between welfare and competition arises. This trade-off is more (less) 
likely to arise as the value consumers attach to the infrastructure density 
increases (the per unit capital and maintenance cost of installing infra
structure decreases).

To assess the robustness of this mechanism, we relax the full- 
foreclosure assumption and consider partial foreclosure under interop
erability constraints. In particular, we introduce a minimum-margin 
rule, or equivalently a constraint on the wholesale access price, which 
prevents the integrated CPO-MSP from completely squeezing the rival 
MSP out of the downstream market. Relative to the benchmark fore
closure case, this strengthens downstream competition and softens the 
anti-competitive effect of vertical integration. At the same time, the 
integrated firm still internalizes at least part of the complementarity 
between infrastructure deployment and charging demand. Hence, 
interoperability regulation attenuates, but does not necessarily reverse, 
the benchmark welfare ranking: the investment advantage of integration 
is reduced, but not eliminated. We also consider the case in which access 
obligations generate compliance and coordination costs. In this setting, 
stricter regulation may further weaken infrastructure investment in
centives, since part of the return from expanding the charging network is 
absorbed by regulation-specific frictions. The reader may refer to Ap
pendix A.3 for details and derivations.
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4. Subsidies

In this section, we examine the effects of the subsidies for EVs over 
competition and social welfare. A government promotes the demand for 
EVs via two potential types of subsidies. Under consumer subsidy, the 
government offers a subsidy y to consumers who purchase an EV. Under 
a firm subsidy, the government offers a subsidy Y for each charging 
station deployed. The sequence of the decisions is as follows. At stage 
one, the government maximizes social welfare and determines the 
optimal subsidy to consumers or the CPO, y or Y respectively. Decisions 
at stage two and three depend on the scenario and follow previous as
sumptions (see section 3.1 and 3.2). In the case of integrated markets, at 
stage two, the CPO, firm A, maximizes her profit and determines k and 
the unit wholesale price w for providing access to charging services to 
firm B; at stage three, firm A and firm B compete in the downstream 
market à la Cournot, i.e., they maximize their profits while choosing qA 
and qB. In the case of separated markets, at stage two, the CPO, firm Γ, 
maximizes her profit and determines the infrastructure density, k, and 
the unit wholesale price w for providing access to charging services to 
firm A and B; at stage three, firm A and firm B compete in the down
stream market à la Cournot, i.e., they maximize their profits while 
choosing qA and qB.

4.1. Consumer subsidies

When the subsidy directed to the consumer buying an EV, y > 0, 
applies, the net annual utility from possessing an EV becomes V + y −
t+ β

̅̅̅
k

√
− p.16 As before, let V0 be the gross utility of the marginal 

consumer who obtains zero utility from possessing an EV when receiving 
a subsidy. Then V0 = − β

̅̅̅
k

√
− y+ t+ p. The demand for EVs is similar 

to (2), but V0 is now y higher, and thus equals (see Fig. 2): 

D(p, k, y)=1 − V0 = A(k) + y − p. (10) 

The annual consumer surplus of individuals who possess EVs is 
defined as 

CS(p, k, y)=
∫ 1

− β
̅̅
k

√
− y+p+t

(
v+ y − t+ β

̅̅̅
k

√
− p

)
dv =

1
2
(A(k) + y − p)2

.

(11) 

On the supply side, we compare the two industry configurations, 
integrated and separated markets, with firms’ profits being unchanged. 
In each scenario, the game is solved by backward induction. At stage 1, 
the government aims at offering the subsidy that maximizes welfare, 
defined as 

W(y)=CS(y) + πA(y) + πB(y) − y⋅D(y) + λ⋅D(y) (12a) 

where y⋅D(y) is government's expenditure due to the vehicle subsidy. 
Note that CS(y), πA(y), πB(y) and D(y) are obtained from Table A.3 in the 
Appendix where t is replaced by t − y in CSI, πA

I, πB
I and DI respectively. 

In the case of separated markets social welfare is 

W(y)=CS(y) + πA(y) + πB(y) + πΓ(y) − y⋅D(y) + λ⋅D(y), (12b) 

with CS(y), πA(y), πB(y), πΓ(y) and D(y) are obtained from Table A.3 in 
the Appendix where t is replaced by t − y in CSS, πA

S, πB
S, πΓ

S and DS 

respectively. First and second order conditions with respect to y for 
welfare maximization yield to equilibrium subsidies offered by the 
government, yI,CTS and yS,CTS, respectively in scenario I and S. Table A.4. 
a in the Appendix reports equilibrium expressions (the superscript CTS 
refers to the case of consumer-targeted subsidies).

4.2. Firm subsidies

Now, we instead assume that the subsidy, Y > 0, is given to the CPO 
for each unit of infrastructure deployed. The consumer's net annual 
utility from possessing an EV is unchanged compared to the basic model. 
The demand for EVs is described in (2) and the inverse demand function 
for charging services in the duopoly market is described in (4). On the 
supply side, we compare how the results change with the subsidy, Y in 
the two industry configurations, integrated and separated markets.

In the case of integrated markets, as a CPO, firm A invests in 
expanding and densifying the charging network, thereby increasing 
infrastructure density k at a per unit capital and maintenance cost of r −
Y > 0. We solve the game by backward induction. At stage three, MSPs 
compete à la Cournot maximizing their profits, with 

πA(w, k,Y)= (p − c)qA + (w − c)qB − (r − Y)k (13) 

and πB defined in (6). First order conditions for profit maximization 
yield to third stage quantities, i.e., qA(w, k) and qB(w,k). Since the sub
sidy Y changes the marginal cost of capacity, qA(w, k) and qB(w, k) are 
the same as those reported in Appendix A.2.1. At stage two, firm A in her 
role of CPO determines infrastructure density, k, and the unit wholesale 
price w for providing access to charging services to firm B. We obtain 
second stage profit of firm A by substituting the second-stage equilib
rium quantities reported in Appendix A.2.1 into equation (13), i.e. 

πA(w, k,Y)= (A(k) − (qA(w, k)+ qB(w, k)) − c)qA(w, k)+ (w − c)qB(w, k)

− (r − Y)k.

First order conditions for profit maximization yield to the access 
charge and the level of public charging investment, w(Y) and k(Y), 
respectively. We obtain the supply of charging services of either MSP, 
qA(Y) and qB(Y), and the inverse demand function, p(Y), by using w(Y)
and k(Y) together with the second-stage equilibrium quantities reported 
in Appendix A.2.1 and equation (4), respectively. We obtain firms’ 
profits substituting qA(Y), qB(Y), w(Y) and k(Y) in (13) and (6), and we 
can derive the consumer surplus by plugging in p(Y) and k(Y) in (3). In 
the case of integrated markets, social welfare is 

W(Y)=CS(Y) + πA(Y) + πB(Y) − Y⋅k(Y) + λ⋅D, (14) 

where Y⋅k(Y) is government's expenditure due to the firm subsidy. First 
order conditions for welfare maximization yield to the equilibrium 
subsidy offered by the government, YI,FTS (the superscript FTS refers to 
the case of firm-targeted subsidies). Table A.4.b reports equilibrium 
results for all other relevant variables.

In the case of separated markets, firm Γ installs k at a per unit cost r −
Y > 0 and produces Q = qA + qB charging services. We solve the game 
by backward induction. At the third stage, firms A and B act as MSPs and 
both enter interoperability contracts with firm Γ. Since the subsidy Y 
changes the marginal cost of capacity, third stage quantities qA(w, k) and 
qB(w, k) are the same as defined in the separated-market second-stage 
equilibrium reported in Appendix A.2.1. At stage two, firm Γ in her role 
of CPO determines the infrastructure density, k, and the unit wholesale 
price w for providing access to charging services to firm A and B. We 
obtain second stage profit of firm Γ as: 

πΓ(w, k,Y)= (w − c)(qA(w, k)+ qB(w, k)) − (r − Y)k. (15) 

where qA(w, k) and qB(w, k) are defined by the separated-market second- 
stage equilibrium reported in Appendix A.2.1. First order conditions for 
profit maximization yield to the access charge and the level of public 
charging investment, w(Y) and k(Y), respectively. We obtain the supply 
of charging services of either MSP, qA(Y) and qB(Y), and the inverse 
demand function, p(Y), by using w(Y) and k(Y) together with the 
separated-market second-stage equilibrium quantities reported in Ap
pendix A.2.1 and equation (4), respectively. We obtain firms' profits 
substituting qA(Y), qB(Y), w(Y) and k(Y) in (15) and (8), and we can 

16 It does not affect our qualitative results if the EV manufacturers receive the 
EV fixed subsidy.
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derive the consumer surplus by plugging in p(Y) and k(Y) in (3). In the 
case of separated markets, social welfare is: 

W(Y)=CS(Y) + πA(Y) + πB(Y) + πΓ(Y) − Y⋅k(Y) + λ⋅D. (16) 

First and second order conditions for welfare maximization with 
respect to Y yield to the equilibrium subsidy offered by the government, 
YS,FTS (the superscript FTS refers to the case of firm-targeted subsidy). 
Table A.4.b reports equilibrium results for all other relevant variables.

4.3. Comparing subsidies

In this section, we investigate the effects of vertically integration 
between a firm acting both upstream as a CPO and downstream as an 
MSP when subsidies are introduced. 

Proposition 5. Consider the case of integrated markets. The vertically 
integrated firm A will foreclose the downstream MSP market to maximize 
profit regardless of the subsidy policy adopted by the government, i.e., con
sumer subsidy or firm subsidy.

The proof of Proposition 5 follows directly since wI,FTS = pI,FTS and 
wI,CTS = pI,CTS. Intuitively, the consumer subsidy directly reduces the 
purchase cost of EVs, increasing consumer demand for EVs. This, in turn, 
boosts the demand for charging services, as more consumers require 
access to the infrastructure network. In this scenario, the vertically in
tegrated firm has an even stronger incentive to foreclose the down
stream market because capturing the growing demand through its own 
MSP services maximizes its profit. Allowing rival MSPs to use its infra
structure would dilute its potential earnings, making foreclosure an 
optimal strategy. Conversely, the firm subsidy directly subsidizes in
vestments in expanding the infrastructure network. While this increases 
the availability and infrastructure density, the decision-making power 
remains with the integrated CPO-MSP firm, which receives the subsidy. 
The firm still has the incentive to foreclose the downstream market 
because allowing independent MSPs access to its expanded network 
would reduce the firm's ability to capture the increased demand 
generated by the improved infrastructure. Thus, even with enhanced 
infrastructure due to firm subsidy, the firm prefers to maintain exclusive 
control over the charging services market.

Ultimately, the result in Proposition 5 is driven by the basic incentive 
for vertically integrated firms to engage in strategic foreclosure to 
maximize profits. This incentive exists irrespective of the specific sub
sidy policy because both policies ultimately enhance demand for EV 
charging services, making it more valuable for the firm to restrict 
competition and control the entire market. Thus, vertical integration 
consistently reduces competition in the downstream market under both 
subsidy scenarios. 

Proposition 6. Consider the case of integrated markets. It results that: 

(i)  the infrastructure density and the demand for EVs are greater under 
the consumer subsidy, i.e., kI,CTS > kI,FTS and DI,CTS > DI,FTS;

(ii)  consumer surplus and social welfare are greater under the consumer 
subsidy, CSI,CTS > CSI,FTS and WI,CTS > WI,FTS;

Proposition 7. Consider the case of separated markets. It results that: 

(i)  the infrastructure density is greater under the firm subsidy, i.e., 
kS,FTS > kS,CTS if and only if β > β̃(r,λ);

(ii)  the demand for EVs is greater under the firm subsidy, i.e., DS,FTS >

DS,CTS if and only if β > β(r,λ);

(iii)  consumer surplus is greater under the firm subsidy, CSS,FTS > CSS,CTS 

if and only if β > β̂(r,λ);

(iv)  social welfare is greater under the firm subsidy, WS,FTS > WS,CTS if 
and only if β > β̌(r,λ).

Propositions 6 and 7 highlight that the effectiveness of subsidy in
struments depends critically on the interaction between vertical struc
ture and indirect network effects, captured by β, i.e., the value 
consumers place on infrastructure density.

In integrated markets, Proposition 6 shows that the consumer sub
sidy dominates the firm subsidy along all market outcomes. The key 
mechanism is a standard internalization result. A vertically integrated 
firm already internalizes the complementarity between infrastructure 
investment and downstream demand. As a result, subsidizing infra
structure (firm subsidy) generates limited additional incentives, because 
investment is already privately optimal from the firm's perspective. By 
contrast, a consumer subsidy directly shifts outward the demand for EVs, 
which the integrated firm fully appropriates through both upstream 
(infrastructure usage) and downstream (charging services) margins. 
This induces a stronger expansion in equilibrium infrastructure density 
and EV demand. This result reflects that demand-side subsidies are more 
effective when vertical externalities are already internalized, while 
supply-side subsidies are partially redundant.

In separated markets, Proposition 7 delivers a markedly different set 
of results. In this case, the CPO does not fully internalize the effect of 
infrastructure density on downstream competition and EV adoption. 
Therefore, firm subsidy may dominate consumer subsidy, but only when 
β is sufficiently high.

The intuition hinges on a misalignment of incentives across vertically 
related firms. When β is high, infrastructure density has a strong impact 
on EV demand. However, under separation, the CPO captures this effect 
only indirectly through wholesale revenues, while downstream MSP 
competition dissipates part of the surplus. As a result, the equilibrium 
level of infrastructure investment is inefficiently low. An firm subsidy 
directly targets this distortion by subsidizing infrastructure provision, 
thereby restoring investment incentives. Conversely, when β is low, the 
demand-side response to infrastructure expansion is weak. In this case, 
subsidizing infrastructure generates limited benefits while still incurring 
fiscal costs. A consumer subsidy becomes relatively more effective 
because it directly stimulates EV adoption without relying on a strong 
network effect.

Overall, Proposition 7 shows that in separated markets the ranking of 
policies depends on β because this parameter governs the strength of the 
indirect network externality and, therefore, the severity of the invest
ment distortion. 

Corollary 3. With integrated markets, consumer surplus and social welfare 
are maximized under the consumer subsidy. With separated markets, the 
ranking between consumer subsidy and firm subsidy depends on the value 
consumers place on infrastructure density, β. When β is low enough, con
sumer surplus and social welfare are maximized under the consumer subsidy, 
and the firm subsidy may even reduce EV demand relative to the consumer 
subsidy. When β is sufficiently high, instead, the firm subsidy may outperform 
the consumer subsidy by correcting underinvestment in infrastructure.

Corollary 3 reflects the different sources of inefficiency across market 
structures. Under integration, the consumer subsidy maximizes welfare 
because demand expansion is fully internalized by the firm. Under 
separation, instead, the optimal policy depends on β. When β is low, 
consumers place limited value on infrastructure density; in this case, 
subsidizing infrastructure generates a weak demand response, and the 
consumer subsidy remains more effective. The firm subsidy may even 
reduce EV demand relative to the consumer subsidy. When β is suffi
ciently high, infrastructure density has a stronger effect on EV adoption, 
and the firm subsidy may outperform by alleviating underinvestment in 
infrastructure.

5. Model application

5.1. Italian metropolitan areas and calibration strategy

To illustrate the quantitative implications of the theoretical 
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framework, we develop a model application based on Italian metro
politan areas. This spatial scale provides a close empirical counterpart to 
the “home territory” considered in the model, since metropolitan areas 
include the urban core and surrounding municipalities that are func
tionally integrated through commuting flows, service provision, and 
transport networks. They are also the relevant scale at which public 
charging availability is likely to affect range anxiety, charging conve
nience, and EV adoption decisions: in Italy, almost 60% of daily trips 
start and end within the same municipality, and this share rises above 
90% when trips are considered within the broader province or metro
politan area.17

The analysis focuses on the fourteen Italian metropolitan areas for 
which consistent data are available: Rome, Milan, Naples, Turin, Bari, 
Palermo, Catania, Bologna, Florence, Venice, Genoa, Messina, Reggio 
Calabria, and Cagliari.18 The model is calibrated at the metropolitan- 
area level using 2025 as the reference year. Table A.5 in the Appendix 
reports the variables used in the calibration, their interpretation in the 
model, and the corresponding data sources or calculation procedures. 
Table A.6 in the Appendix reports the calibrated parameter values.

5.2. Benchmark results: integrated versus separated markets

Detailed benchmark equilibrium outcomes for the fourteen Italian 
metropolitan areas under vertically integrated markets, I, and vertically 
separated markets, S, are reported in Appendix Table A.7. Here, we 
focus on Table 1, which reports percentage differences between the two 
market structures and provides the empirical counterpart to Proposi
tions 1–4.

The benchmark results should be interpreted as no-subsidy coun
terfactuals. Equilibrium values need not coincide with observed market 
outcomes, since recent EV adoption and infrastructure deployment in 
Italy have been affected by public subsidies, infrastructure programmes, 
and regulatory interventions. The purpose of the exercise is instead to 
assess whether the comparative mechanisms of the theoretical model are 
quantitatively consistent across metropolitan areas.

The numerical application confirms Proposition 1. In all metropol
itan areas, the integrated CPO-MSP sets the wholesale access price equal 
to the retail price for charging services. This implies full foreclosure of 
the independent MSP and reproduces the margin-squeeze mechanism 
derived in the theoretical model.

Table 1 also confirms Proposition 2. Vertical separation reduces the 
wholesale access price, but it weakens incentives to invest in infra
structure. As a result, both infrastructure density and EV adoption are 
systematically lower under separation. The comparison of retail prices is 
more nuanced, as predicted by the model: in most metropolitan areas 
the retail price is higher under separation, while Florence is the excep
tion, reflecting its stronger calibrated network effect.

The welfare comparison confirms Proposition 3. Consumer surplus, 
environmental benefits, and social welfare are lower under separation in 
all metropolitan areas. Since environmental benefits are proportional to 
EV adoption, their percentage variation closely follows the reduction in 
EV demand. The absolute values, reported in Appendix Table A.7, also 
depend on local modal shares, since environmental gains are larger 
where EVs replace a higher share of private motorized trips.

Overall, the calibrated benchmark confirms the central trade-off of 
the theoretical model. Vertical integration eliminates downstream MSP 
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18 Sassari became operative as a metropolitan city only in 2025; therefore, it is 

excluded from the present application because consistent data are not yet 
available for the full set of variables required by the calibration.
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competition, but it also internalizes the demand effect of infrastructure 
investment. In the Italian metropolitan areas, this investment effect 
dominates the competition effect: integration generates higher infra
structure density, higher EV adoption, greater consumer surplus, larger 
environmental benefits, and higher welfare. This suggests that access 
regulation should be designed carefully, since policies that strengthen 
downstream competition may reduce welfare if they substantially 
weaken infrastructure investment incentives.

5.3. Policy simulations: consumer versus firm subsidies

Detailed equilibrium outcomes for the policy simulations in the case 
of integrated markets are reported in Appendix Table A.8. Table 2 here 
reports percentage differences between consumer subsidies and firm 
subsidies and provides the empirical counterpart to. We focus on the 
integrated structure because the benchmark application shows that it 
dominates vertical separation in terms of infrastructure density, EV 
adoption, consumer surplus, environmental benefits, and welfare. For 
this reason, and to preserve space, we do not further discuss the 
separated-market subsidy simulations in the empirical application.19

The simulations compare the welfare-maximizing consumer subsidy 
and firm subsidy. The optimal subsidies obtained from the model are 
generally higher than the subsidy intensities currently observed in Italy. 
Existing policy measures correspond approximately to a consumer 
subsidy equal to 30% of annual EV ownership and maintenance costs, 
and to a firm subsidy equal to 40% of infrastructure capital costs.20

The two instruments operate through different channels. Consumer 
subsidy increases consumers’ willingness to adopt EVs and shifts EV 
demand outward. Since the integrated CPO-MSP internalizes the 
resulting demand expansion, consumer subsidy also induces stronger 
infrastructure investment. Firm subsidy lowers the effective cost of 
deploying infrastructure, but it does not generate the same demand-side 
expansion.

Consistent with Proposition 5, foreclosure persists under both pol
icies. In all metropolitan areas, the integrated CPO-MSP sets the 
wholesale access price equal to the retail price for charging services. 
Subsidies therefore expand the market but do not remove the integrated 
firm's incentive to exclude the rival MSP.

Table 2 confirms Proposition 6. Consumer subsidy dominates firm 
subsidy in terms of infrastructure density, EV adoption, consumer sur
plus, environmental benefits, and welfare. This may appear counterin
tuitive because firm subsidy subsidizes infrastructure investment. 
However, in an integrated market, a demand-side subsidy is especially 
powerful: by increasing EV adoption, it expands charging demand, 
which the integrated firm internalizes through both downstream reve
nues and infrastructure utilization.

A relevant qualification concerns fiscal cost-effectiveness. Although 
consumer subsidy generates higher welfare, it is also much more 
expensive. Table 2 shows that the subsidy cost-environmental benefit 
ratio is systematically lower under firm subsidy than under consumer 
subsidy. This reflects the fact that consumer subsidy subsidizes all EV 
adopters, including inframarginal consumers, whereas firm subsidy 
targets the infrastructure margin more directly and requires a much 
smaller fiscal outlay.
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19 Florence is excluded from the subsidy simulations because its high cali
brated value of β places the city outside the admissible parameter region for the 
subsidy-regime equilibria.
20 MASE (2026) – Investment 4.3 - Installation of electric charging infra

structure. Available at https://www.mase.gov.it/portale/investimento-4.3-inst 
allazione-di-infrastrutture-di-ricarica-elettrica. MASE (2026) – Investment 4.5 
– Programme for the Renewal of the Private and Light Commercial Vehicle Fleet 
with Electric Vehicles. Available at https://www.mase.gov.it/portale/investim 
ento-4.5-programma-di-rinnovo-del-parco-veicoli-privati-e-commerciali-legger 
i-con-veicoli-elettrici [Accessed 6 May 2026].
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Overall, the policy simulations confirm the theoretical prediction 
that, under vertical integration, consumer subsidy dominates firm sub
sidy in terms of market expansion and welfare. However, firm subsidy is 
more fiscally efficient, as it displays a lower subsidy cost-environmental 
benefit ratio. This suggests a policy trade-off: consumer subsidy is 
preferable when the objective is to maximize welfare and accelerate EV 
diffusion, while firm subsidy may be attractive when public budgets are 
constrained or when policymakers prioritize environmental gains at 
lower fiscal cost.

6. Concluding remarks

This paper analyses how vertical integration, subsidies, and inter
operability regulation affect investment, EV adoption, consumer sur
plus, and welfare in public EV charging markets. The central mechanism 
is the interaction between indirect network effects and vertical struc
ture. Denser charging infrastructure reduces range anxiety and increases 
EV demand, while higher EV demand raises the profitability of infra
structure investment.

The benchmark laissez-faire model highlights a trade-off between 
welfare and competition. In this environment, the integrated firm can 
engage in full foreclosure, and the main welfare ranking is established 
under this assumption. Despite weaker downstream competition, verti
cal integration may generate higher infrastructure density, EV adoption, 
consumer surplus, and welfare than vertical separation because it 
strengthens infrastructure investment incentives. This result should not 
be interpreted as implying that foreclosure is desirable per se. Rather, it 
shows that policies aimed at preserving downstream competition should 
also account for their effects on infrastructure deployment.

The robustness extension on partial foreclosure qualifies this result. 
When minimum-margin rules or constrained wholesale pricing prevent 
complete exclusion of rival MSPs, downstream competition is 
strengthened relative to the benchmark foreclosure case. At the same 
time, the integrated firm continues to internalize at least part of the 
complementarity between infrastructure deployment and charging de
mand. Hence, interoperability regulation attenuates, but does not 
necessarily reverse, the benchmark welfare ranking. When access obli
gations also generate compliance, coordination, or monitoring costs, 
stricter regulation may further weaken infrastructure investment 
incentives.

We also study subsidies within the benchmark environment. The 
comparison between consumer subsidy and firm subsidy depends on 
both market structure and the strength of indirect network effects. In 
integrated markets, consumer subsidy dominates because the firm 
already internalizes infrastructure-demand complementarities and 
benefits more from demand expansion. In separated markets, firm sub
sidy may outperform consumer subsidy only when consumers place 
sufficiently high value on infrastructure density, since it helps correct 
underinvestment in infrastructure. When this network effect is weak, 
consumer subsidy remains preferable, and firm subsidy may even reduce 
EV adoption relative to consumer subsidy.

The model application to Italian metropolitan areas supports these 
mechanisms and adds a further policy insight. Under vertical integra
tion, consumer subsidy generates larger increases in infrastructure 

density, EV adoption, consumer surplus, environmental benefits, and 
welfare than firm subsidy. However, it is also substantially more costly 
from a fiscal perspective. Firm subsidy is less effective in expanding the 
market, but delivers higher environmental benefits per euro of subsidy 
expenditure. Thus, consumer subsidy is preferable when the objective is 
to maximize welfare and accelerate EV diffusion, while firm subsidy may 
be attractive when public budgets are constrained or when policymakers 
prioritize environmental benefits per euro spent.

These findings suggest two main policy implications. First, interop
erability and access regulation should protect MSP viability without 
excessively weakening infrastructure investment incentives, especially 
in early-stage or low-density markets where additional charging infra
structure has high value for consumers. Second, subsidy design should 
account for vertical structure: policies that are effective in separated 
markets may be less effective, or fiscally inefficient, in integrated mar
kets where infrastructure-demand complementarities are already 
internalized.

Several extensions could further enrich the analysis. First, richer 
subsidy environments could allow consumer subsidy and firm subsidy to 
operate jointly, or target infrastructure subsidies specifically to non- 
integrated firms in vertically integrated markets. Second, spatial 
competition among CPOs could be modelled explicitly. In this paper, the 
CPO operates within a “home territory” and infrastructure is measured 
through density or capillarity; a natural extension would be to allow 
consumers to charge outside their home area, generating mobility 
spillovers across local markets. Third, the analysis could be extended to 
nonlinear access pricing, endogenous bargaining over wholesale access 
prices, multi-homing consumers, and the role of roaming platforms. 
Fourth, the joint evolution of EV charging and petrol-refuelling net
works, together with auto manufacturers’ choices over EV supply and 
battery capacity, could help study transition dynamics. Finally, demand- 
side heterogeneity, charger technology, congestion, and waiting times 
deserve closer attention as EV adoption expands.
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Appendix 

A.1 Industry background

A.1.1 EV charging options and relevant markets
EV charging options include private charging at home and workplaces, as well as publicly accessible charging points in a given charging station. 

The latter can be categorized primarily based on their location. In urban/suburban and rural areas we distinguish: 1) charging points in public 
properties (e.g., street-side, kerbside, public parking); 2) charging points in (publicly accessible) private properties, also known as semi-public options 
(e.g., supermarkets, amenities such as gyms, cinemas, shopping centres, hotels).21 In this paper, we focus on charging points in public properties and in 
(publicly accessible) private properties. Henceforth, we will refer to such infrastructure as public chargers (or public infrastructure).

The dependence on publicly accessible charging stations is anticipated to rise as more households with an EV do not also have a fossil car and as 
more households not living in homes where they can charge at a private facility. By 2035, it is projected that nearly 45% of electricity for EVs will come 
from non-home chargers, an increase from less than 35% in 2023 (IEA, 2024). As a result, the number of publicly accessible EV charging points has 
seen exponential growth over the past decade, where China is in the lead, followed closely by Europe and the United States. (see Fig. A.1).

Fig. A.1. Publicly installed accessible light-duty vehicle charging point 
Source: IEA 2024.

Note that different charger types exist according to charging needs, as reported in Table A.1. These differences lead to further segmentation of the 
(upstream) infrastructure market. From a product perspective, Fast and Ultra-fast infrastructure constitutes a distinct market segment from Regular 
and Quick infrastructure due to significantly reduced charging times, greater technical complexity, and higher investment requirements.

The provision of charging services to individual private end customers and to corporate/business customers may form separate charging services 
(downstream) relevant markets. The corporate/business segment has unique characteristics, such as the need to install charging stations on private 
property (e.g., premises or company parking lots). This segment may also employ different pricing policies compared to those used for general 
consumers. This paper does not delve into the differences between individual private end customers and corporate/business customers.

Table A.1 
EV charging point types and characteristics

Charging speed (current 
type)*

Charger installed capacity (Power 
- kW)

Location Average charging time/ 
200 km

Slow (AC) Level 1 - 1.9-2.4 kW home 18-22 h
Regular or Quick (AC) Level 2, 7-22 kW home, work; 

public properties, and (publicly accessible) private properties in urban/suburban 
and rural areas

4-6 h

Fast (AC or DC) Level 3, 22-150 kW home, work; 
public properties, and (publicly accessible) private properties in urban/suburban 
and rural areas

30-60 min

Ultra-fast (DC) Level 4, Above 150 kW highways 10-20 min

* Alternating Current (AC) and Direct Current (DC).

21 In countries such as Italy, France, and Spain, where highways are managed by concessionaires, the infrastructure in highway service areas constitutes a distinct 
market due to the unique regulatory and operational contexts they create. In contrast, in countries like Sweden and Germany, charging stations along highways are 
predominantly private, located at service stations, and more similar to the semi-public options described above.

T. D'Alfonso et al.                                                                                                                                                                                                                              Economics of Transportation 46–47 (2026) 100459 

13 



A.1.2 Regulatory frameworks and dominant position in the upstream market
In Europe, the Alternative Fuels Infrastructure Regulation (AFIR), including Directive (EU) 2023/1804 (replacing the 2014/94/EU), addresses 

charging station network roaming obligations. It stipulates price transparency, non-discriminatory access and pricing of the operation of publicly 
accessible charging points. Specifically, it mandates that the CPOs must not discriminate, through pricing, between end users and MSPs or among 
MSPs. They also demand ad hoc charging arrangements, allowing EV users to charge and pay at any publicly accessible charging station using cash or 
credit card without needing contracts, similar to traditional fuel stations. The latter not only increases competition but also extends the charging 
network facing EV owners. Similarly, the Public Charge Point Regulations (the UK government, 2023) in the UK and China's Electric Vehicle infra
structure Standard System (GB/T standards, including GB/T 27930-2015), provide regulatory frameworks in their respective countries. In the UK, the 
Public Charge Point Regulations stipulate that a CPO must provide a roaming contract with at least one roaming provider by November 2025.

The main reason why the EU promotes effective competition, by requiring non-discriminatory access and pricing of publicly accessible charging 
points and ad hoc charging arrangements is that it is difficult and expensive to enter that market. The existence of a dominant position in the upstream 
market can be readily identified by examining market concentration and maturity, substantial investments in the sector (dynamic perspective), and 
bargaining power along the electricity supply chain, particularly when the market is dominated by subsidiaries of expanding incumbents. In such 
cases, a competitive advantage may also arise from established relationships with local authorities. This advantage can be leveraged in prodromal 
procedures – such as obtaining connections to the electricity grid or securing authorizations for installing infrastructure on public land – which smaller 
operators may not enjoy. Additionally, EV markets may be susceptible to tipping.22 Moreover, according to the EU Electricity Market Directive (2019/ 
944/EU), local grid companies should not own infrastructure in order to prevent a company from gaining undue advantages by combining monopoly 
and competitive operations. However, it is common for companies within the same group to be both local grid operators and owners of infrastructure, 
which can provide CPOs with further advantages. These factors collectively constitute potential barriers to entry into the upstream market, hindering 
the development of alternative charging networks and raising potential competition concerns. Table A.2 provides an overview of the level of CPO 
concentration in countries with the most developed EV infrastructure.

Table A.2 
– CPO market concentration across the world*

Level of CPO concentration Country Market description

Competitive market Netherlands Fragmented market with key players including Vattenfall, Shell, Allego, Greenflux, and Last Mile Solutions.
Austria 250+ CPOs; 12-player association holds 40% of the market.
United Kingdom 50+ CPOs with no dominant player; most spread operators include Shell Recharge, Pod Point, Connected Kerb, and BP Pulse.
Germany 40+ CPOs, including Shell, Tesla, and Allego.
France 20+ CPOs with limited share; major players are Izivia, TotalEnergies, and Shell.
Norway 20+ CPOs, leading operators are Recharge Infra, Mer, Eviny, Kople, and Tesla.

Concentrated market Sweden Four key CPOs: Recharge Infra, Vattenfall InCharge, E.ON, and Mer.
Spain Major CPOs are Endesa X and Iberdrola (40% share), with many small players.
Belgium Dominated by EVBox, Allego, TotalEnergies, and Blue Corner (85% share).
Italy Enel X leads with 50%+ share; other relevant players include Be Charge, Tesla, Duferco, and A2A.
China Top 5 operators (TELD, StarCharge, YKC, State Grid, and Orange Charging) dominate 70% of the market.

* Note that new entrants and investments are accelerating in the EV charging market, and this figure might evolve rapidly in the coming years. In the US, Chargepoint, 
Tesla, and Blink control more than 70% of the public infrastructure, but MSP roles are effectively absent.
Sources European Commission, 2023; Alternative Fuels Data Center 2024; OIES 
China Energy Research Programme 2024; Norwegian Environment Agency 
2022.

In certain European countries, such as the Netherlands, Austria, the UK, Germany, France, and Norway, the upstream market concentration is low, 
with numerous players and no single dominant CPO. However, in many other countries, a few major operators hold a significant market share, 
prompting competition authorities to remain particularly vigilant due to the high local concentration of CPOs (e.g., Europe, UK, or China).23 In Italy, 
for example, Enel Group was challenged in 2023 by the Italian Competition Authority (AGCM) for a potential abuse of dominant position involving a 
margin squeeze on the unintegrated MSP Route220 S.r.l.24

22 Economic theory predicts that market “tipping” is most likely in the context of strong density and network effects, limited product differentiation, limited 
interoperability between networks, low levels of consumer-multi-homing, and high barriers to entry (Katz and Shapiro, 1985). See European Commission (2023) for 
an exploration of how EV recharging performs on these metrics by the European Commission Directorate-General for Competition.
23 The Autorité de la concurrence in France (see <https://www.autoritedelaconcurrence.fr/fr/avis/relatif-au-secteur-des-infrastructures-de-recharge-pour-vehic 

ules-electriques>), the Monopolkommission in Germany (see < https://www.monopolkommission.de/de/themen/energie/152.html>), and the Competition and 
Markets Authority (CMA) in UK (see <https://www.gov.uk/cma-cases/electric-vehicle-charging-market-study#full-publication-update-history>) are monitoring 
such issues.
24 Enel X Way S.r.l. (EXW), a wholly owned subsidiary of Enel S.p.A. – former incumbent in the electricity supply chain – operates as an MSP, while Enel X Way 

Italia S.r.l. (EXWI), a wholly owned subsidiary of EXW, functions as a CPO. In the domestic market for low or medium power (AC or DC < 100 kW) infrastructure at 
non-highway sites, EXWI holds a 50.8% market share. EXWI's wholesale prices within interoperability contracts with Route 220 S.r.l. for access to their charging 
stations appear to be insufficient to ensure minimum profitability when compared with the retail prices charged to end customers by the group company through its 
“Enel X Way” app (see <https://www.agcm.it/dotcmsdoc/allegati-news/A557%20avvio%20istruttoria.pdf>).
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A.2 First-order conditions, second-order conditions and equilibrium expressions

A.2.1 First-order conditions
Laissez-faire regime 

Scenario I. Under scenario I, the second-stage Cournot problem is obtained by maximizing the objective functions in equations (5) and (6). The 
corresponding first-order conditions yield the equilibrium quantities: 

qA(w, k)=
1
3
(A(k) − 2 c+w)

qB(w, k)=
1
3
(A(k)+ c − 2w)

Simple comparative statics inform us on the effect of the first stage strategic variables, w and k, on production choices at the second stage Cournot- 
Nash equilibrium. It results ∂qi(w, k)/∂k > 0, i = A,B, while ∂qA(w, k)/∂w > 0, ∂qB(w, k)/∂w < 0 and ∂[qA(w, k) + qB(w, k)]/∂w < 0. Intuitively, the 
supply of charging services of either MSP increases as k increases, due to the positive externality of k on consumers’ utility from alleviating range 
anxiety and inconvenience of making detours to charge. Conversely, an increase in the access charge, w, leads to a decrease in the output sold by the 
unintegrated MSP, firm B, while the output sold by the integrated MSP increases.25 Aggregate output, that is total annual supply of charging services 
from the two MSPs decreases as w increases.

Scenario S. Under scenario S, the second-stage Cournot problem is obtained by maximizing the objective functions in equation (8). The corre
sponding first-order conditions yield the equilibrium quantities: 

qA(w, k)=
1
3
(A(k) − w)

qB(w, k)=
1
3
(A(k) − w)

At the second stage Cournot-Nash equilibrium, ∂qi(w,k)/∂k > 0, while ∂qi(w,k)/∂w < 0, i = A,B. Intuitively, an increase in the access charge, w, 
leads to a decrease in the output sold by unintegrated MSPs, firm A and B. Aggregate output, that is total supply of charging services from the two MSPs 
during EVs’ lifetime, decreases as w increases.

A.2.2 Second-order conditions

Laissez-faire regime 
Scenario I. At the second stage, πA and πB are concave in qA and qB respectively, since 

∂2πi

∂q2
i
= − 2, i = A,B.

Then, second order conditions are satisfied. At the first stage, for the Hessian matrix of πA(w, k) to be negative definite we need its determinant to be 
positive, which requires 

5β
(

4 − 14c − 5β
̅̅̅
k

√
− 4t + 10w

)

324k3/2 > 0.

At the equilibrium, such a condition translates into 

ΩI =

{

β>0, r>
β2

4
,0< t< 1,0< c<1 − t, λ≥0

}

,

which remains our maintained assumption for this scenario. Note that qA, p, w, πA, CS and W are positive in this range of parameters, while qB =

πB = 0.
Scenario S. At the second stage, πA and πB are concave in qA and qB respectively, since 

∂2πi

∂q2
i
= − 2, i = A,B.

Then, second order conditions are satisfied. At the first stage, for the Hessian matrix of πΓ(w, k) to be definite negative we need its determinant to be 
positive, which requires 

−
β
(

2c + β
̅̅̅
k

√
− 2w

)

9k3/2 > 0.

At the equilibrium, such a condition translates into 

ΩS =

{

β>0, r>
β2

6
, 0< t<1, 0< c<1 − t, λ≥0

}

,

25 Note that it results ∂2πA/∂qA∂qB = ∂2πB/∂qB∂qA = − 1 < 0, that is qA and qB are strategic substitutes. Then, an increase in the production of one MSP decreases 
the marginal revenues of the rival MSP, because that gives the other an incentive to produce less. This tends to be the case if the demand for the firms' products has a 
sufficiently high own-price elasticity, such as in this framework.
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which remains our maintained assumption for this scenario. Note that qA, qB, p, w, πΓ, πA, πB, CS and W are positive in this range of parameters.
Consumer subsidies 

Scenario I. At the third stage, πA and πB are concave in qA and qB respectively, since 

∂2πi

∂q2
i
= − 2, i = A,B.

Then, second order conditions are satisfied. At the second stage, for the Hessian matrix of πA(w, k) to be definite negative we need its determinant to 
be positive, which requires 

5β
(

4 − 14c − 5β
̅̅̅
k

√
+ 4y − 4t + 10w

)

324k3/2 > 0.

At the first stage, W as defined in (12a) is concave in y if 

2
(
β2 − 2r

)
r

(
β2 − 4r

)2 < 0.

At the equilibrium, such a condition translates into 

ΩI,CTS =

{

β>0, r>
β2

2
,0< t< 1,0< c<1 − t, λ≥ 0

}

,

which remains our maintained assumption for this scenario. Note that all relevant variables in this range of parameters are non-negative, with 
qI,CTS

B = πI,CTS
B = 0.

Scenario S. At the third stage, πA and πB are concave in qA and qB respectively, since 

∂2πi

∂q2
i
= − 2, i = A,B.

Then, second order conditions are satisfied. At the second stage, for the Hessian matrix of πΓ(w, k) to be definite negative we need its determinant to 
be positive, which requires 

−
β
(

2c + β
̅̅̅
k

√
− 2w

)

9k3/2 > 0.

At the first stage, W as defined in (12b) is concave in y if 

β4 − 6β2r + 8r2

(
β2 − 6r

)2 < 0.

At the equilibrium, such a condition translates into 

ΩS,CTS =

{

β>0,
β2

4
< r<

β2

2
,0< t< 1,0< c< 1 − t, λ≥0

}

,

which remains our maintained assumption for this scenario. Note that all relevant variables in this range of parameters are positive.

Firm subsidies 
Scenario I. At the third stage, πA and πB are concave in qA and qB respectively, since 

∂2πi

∂q2
i
= − 2, i = A,B.

Then, second order conditions are satisfied. At the second stage, for the Hessian matrix of πA(w, k) to be definite negative we need its determinant to 
be positive, which requires 

−
5β

(
− 4 + 14c + 5β

̅̅̅
k

√
+ 4t − 10w

)

324k3/2 > 0.

At the first stage, W as defined in (14) is concave in Y if 

12
(
β4 − 8β2Y

)
(− 1 + c + t)2

(
β2 − 4r + 4Y

)4 < 0.

At the equilibrium, such a condition translates into 

ΩI,FTS =

{

β>0, r>
3β2

8
,0< t<1, 0< c<1 − t, λ≥0

}

,

which remains our maintained assumption for this scenario. Note that all relevant variables in this range of parameters are non-negative, with qI,FTS
B =

πI,FTS
B = 0.

Scenario S. At the third stage, πA and πB are concave in qA and qB respectively, since 
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∂2πi

∂q2
i
= − 2, i = A,B.

Then, second order conditions are satisfied. At the second stage, for the Hessian matrix of πΓ(w, k) to be definite negative we need its determinant to 
be positive, which requires 

−
β
(

2c + β
̅̅̅
k

√
− 2w

)

9k3/2 > 0.

At the first stage, W as defined in (16) is concave in Y if 

4β2( 5β2 + 6r − 60Y
)
(− 1 + c + t)2

(
β2 − 6r + 6Y

)4 < 0.

At the equilibrium, such a condition translates into 

ΩS,FTS =

{

β>0, r>
5β2

18
, 0< t<1, 0< c< 1 − t, λ≥0

}

,

which remains our maintained assumption for this scenario. Note that all relevant variables in this range of parameters are positive.

A.2.3 Equilibrium expressions

Table A.3 
Equilibrium expressions in scenarios I and S - Laissez-faire regime

Basic model

Scenario I Scenario S

wI β2c − 2r(1 + c − t)
β2 − 4r

wS β2c − 3r(1 + c − t)
β2 − 6r

pI β2c − 2r(1 + c − t)
β2 − 4r

pS β2c − 2r(2 + c − 2t)
β2 − 6r

kI β2(− 1 + c + t)2

(
β2 − 4r

)2
kS β2(− 1 + c + t)2

(
β2 − 6r

)2

qI
A 2r(− 1 + c + t)

β2 − 4r
qS

A r(− 1 + c + t)
β2 − 6r

qI
B 0 qS

B r(− 1 + c + t)
β2 − 6r

DI 2r(− 1 + c + t)
β2 − 4r

DS 2r(− 1 + c + t)
β2 − 6r

VI
0 β2 − 2r(1 + c + t)

β2 − 4r
VS

0 β2 − 2r(2 + c + t)
β2 − 6r

πI
A (− 1 + c + t)2r

− β2 + 4r
πS

A r2(− 1 + c + t)2

(
β2 − 6r

)2

πI
B 0 πS

B r2(− 1 + c + t)2

(
β2 − 6r

)2

​ ​ πS
Γ r(− 1 + c + t)2

− β2 + 6r
CSI 2r2(− 1 + c + t)2

(
β2 − 4r

)2
CSS 2r2(− 1 + c + t)2

(
β2 − 6r

)2

WI r(− 1 + c + t)
(
− β2(− 1 + c − 2λ + t) + 2r( − 3 + 3c − 4λ + 3t)

)

(
β2 − 4r

)2
WS r(− 1 + c + t)

( (
− β2 + 10r

)
(− 1 + c + t) + 2λ

(
β2 − 6r

))

(
β2 − 6r

)2

Table A.4.a 
Equilibrium expressions in scenarios I and S - Consumer subsidies

Consumer subsidies

Scenario I Scenario S

yI,CTS β2λ + 2r(− 1 + c − 2λ + t)
β2 − 2r

yS,CTS 2r
(
β2(− 1 + c + λ + t) − 2r(− 1 + c + 3λ + t)

)

β4 − 6β2r + 8r2

yI,CTS*DI,CTS 4r2(− 1 + c + t)2

(
β2 − 2r

)2
yS,CTS*DS,CTS 4r2 ( β2(− 1 + c + t) − 2r(− 1 + c + λ + t)

)(
β2(− 1 + c + λ + t) − 2r(− 1 + c + 3λ + t)

)

(
β4 − 6β2r + 8r2

)2

wI,CTS β2c − 2r(1 + λ − t)
β2 − 2r

wS,CTS β4c − 3β2r(1 + c − t) + 2r2(c − 3(− 1 + λ + t))
β4 − 6β2r + 8r2

(continued on next page)
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Table A.4.a (continued )

Consumer subsidies

Scenario I Scenario S

pI,CTS β2c − 2r(1 + λ − t)
β2 − 2r

pS,CTS β4c − 2β2r(2 + c − 2t) − 8r2(− 1 + λ + t)
β4 − 6β2r + 8r2

kI,CTS β2(− 1 + c − λ + t)2

(
β2 − 2r

)2
kS,CTS (

β3(− 1 + c + t) − 2βr(− 1 + c + λ + t)
)2

(
β4 − 6β2r + 8r2

)2

qI,CTS
A

2r(− 1 + c − λ + t)
β2 − 2r

qS,CTS
A r

(
β2(− 1 + c + t) − 2r(− 1 + c + λ + t)

)

β4 − 6β2r + 8r2

qI,CTS
B

0 qS,CTS
B r

(
β2(− 1 + c + t) − 2r(− 1 + c + λ + t)

)

β4 − 6β2r + 8r2

DI,CTS 2r(− 1 + c − λ + t)
β2 − 2r

DS,CTS
2

r
(
β2(− 1 + c + t) − 2r(− 1 + c + λ + t)

)

β4 − 6β2r + 8r2

VI,CTS
0 β2 − 2r(c − λ + t)

β2 − 2r
VS,CTS

0 − 2r(2 + c + t)β2 + β4 + 4r2(1 + c + t + λ)
8r2 − 6rβ2 + β4

πI,CTS
A −

(
β2 − 4r

)
r(− 1 + c − λ + t)2

(
β2 − 2r

)2
πS,CTS

A r2 ( β2(− 1 + c + t) − 2r(− 1 + c + λ + t)
)2

(
β4 − 6β2r + 8r2

)2

πI,CTS
B

0 πS,CTS
B r2 ( β2(− 1 + c + t) − 2r(− 1 + c + λ + t)

)2

(
β4 − 6β2r + 8r2

)2

​ ​ πS,CTS
Γ

−

(
β2 − 6r

)
r
(
β2(− 1 + c + t) − 2r(− 1 + c + λ + t)

)2

(
β4 − 6β2r + 8r2

)2

CSI,CTS 2r2(− 1 + c − λ + t)2

(
β2 − 2r

)2
CSS,CTS 2λ2r2

(
β2 − 2r

)2

WI,CTS
−

r(− 1 + c − λ + t)2

β2 − 2r
WS,CTS r

(
− β2(− 1 + c + t)(− 1 + c − 2λ + t) + 2r

(
1 + c2 + 2λ − λ2 − 2c(1 + λ − t) − 2(1 + λ)t + t2

))

β4 − 6β2r + 8r2

Table A.4.b 
Equilibrium expressions in scenarios I and S - Firm subsidies

Firm subsidies

Scenario I Scenario S

YI,FTS β2λ + 2r(− 1 + c − 2λ + t)
− 6 + 6c − 4λ + 6t

YS,FTS 1
10

(

4r +
λ
(
5β2 − 18r

)

− 5 + 5c − 3λ + 5t

)

YI,FTS*DI,FTS (
− β2λ + 4r(− 1 + c + t)

)(
β2λ + 2r(− 1 + c − 2λ + t)

)

(
3β2 − 8r

)
( − 6 + 6c − 4λ + 6t)

YS,FTS*DS,FTS (
− β2λ + 6r(− 1 + c + t)

)
(

4r +
λ
(
5β2 − 18r

)

− 5 + 5c − 3λ + 5t

)

5
(
10β2 − 36r

)

wI,FTS β2(3c − λ) − 4r(1 + c − t)
3β2 − 8r

wS,FTS β2(10c − 3λ) − 18r(1 + c − t)
10β2 − 36r

pI,FTS β2(3c − λ) − 4r(1 + c − t)
3β2 − 8r

pS,FTS β2(5c − 2λ) − 6r(2 + c − 2t)
5β2 − 18r

kI,FTS β2(3 − 3c + 2λ − 3t)2

(
3β2 − 8r

)2
kS,FTS β2(5 − 5c + 3λ − 5t)2

(
5β2 − 18r

)2

qI,FTS
A − β2λ + 4r(− 1 + c + t)

3β2 − 8r
qS,FTS

A − β2λ + 6r(− 1 + c + t)
10β2 − 36r

qI,FTS
B

0 qS,FTS
B − β2λ + 6r(− 1 + c + t)

10β2 − 36r
DI,FTS − β2λ + 4r(− 1 + c + t)

3β2 − 8r
DS,FTS

2
− β2λ + 6r(− 1 + c + t)

10β2 − 36r
VI,FTS

0 β2(3 + λ) − 4r(1 + c + t)
3β2 − 8r

VS,FTS
0 5β2 − 6r(2 + c + t)

5β2 − 18r
πI,FTS

A (− 1 + c + t)
(
β2λ − 4r(− 1 + c + t)

)

6β2 − 16r
πS,FTS

A
(
β2λ − 6r(− 1 + c + t)

)2

4
(
5β2 − 18r

)2

πI,FTS
B

0 πS,FTS
B

(
β2λ − 6r(− 1 + c + t)

)2

4
(
5β2 − 18r

)2

​ ​ πS,FTS
Γ (− 1 + c + t)

(
β2λ − 6r(− 1 + c + t)

)

10β2 − 36r
CSI,FTS (

β2λ − 4r(− 1 + c + t)
)2

2
(
3β2 − 8r

)2

CSS,FTS (
β2λ − 6r(− 1 + c + t)

)2

2
(
5β2 − 18r

)2

WI,FTS
−

β2λ2 + 2r(− 1 + c + t)( − 3 + 3c − 4λ + 3t)
6β2 − 16r

WS,FTS
−

β2λ2 + 2r(− 1 + c + t)( − 5 + 5c − 6λ + 5t)
10β2 − 36r
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A.3 Partial foreclosure under interoperability constraints

In the baseline integrated CPO-MSP framework, full foreclosure arises because the vertically integrated firm can freely set the wholesale access 
price, w, without any constraint linking wholesale and retail pricing. As a result, the firm optimally implements a complete margin squeeze, driving the 
independent MSP out of the market. However, regulatory frameworks require non-discriminatory access conditions between CPOs and MSPs and are 
designed to prevent vertically integrated operators from setting wholesale access terms that make rival MSPs commercially unviable. To capture this 
feature, we extend the baseline model by introducing a regulatory constraint that limits the extent of margin squeeze. In particular, we impose a 
minimum-margin condition: w ≤ p − Δ, or equivalently, p − w ≥ Δ, where Δ ≥ 0 denotes the minimum margin that must be left to the independent 
MSP. When Δ = 0, the constraint corresponds to a weak no-margin-squeeze rule, requiring only that the wholesale access price does not exceed the 
retail price. When Δ > 0, regulation is stricter and guarantees a positive downstream margin for the independent MSP, thereby preventing full 
foreclosure. In the absence of this constraint, the model collapses to the baseline case in which the integrated firm optimally chooses a wholesale price 
that eliminates the rival MSP from the downstream market.

From (4) and the integrated-market second-stage equilibrium quantities reported in Appendix A.2.1, we derive: p(qA,qB,k) = A(k) − (qA + qB) =

1
3 (A(k) + c + w). Since, at the optimum, the regulation constraint is binding,26 i.e., p − w = Δ, we have: w =

A(k)+c+w
3 − Δ and 

wI(Δ)=
A(k) + c − 3Δ

2
=

1 − t + β
̅̅̅
k

√
+ c − 3Δ

2
(A.1) 

Using the integrated-market second-stage equilibrium quantities reported in Appendix A.2.1 and (A.1) 

qI
B(Δ)= (A(k) − c − Δ)

/

2 qI
B(Δ) = Δ pI(Δ) =

A(k) + c − Δ
2

=
1 − t + β

̅̅̅
k

√
+ c − Δ

2
(A.2) 

Using (5), (A.1) and (A.2), we obtain the profit of the integrated firm, i.e., πA =
(1− t− c+β

̅̅
k

√
)

2
− 5Δ2

4 − rk. First order condition with respect to k is: 

∂πA

∂k
=

1
4

⋅2
(

1 − t − c+ β
̅̅̅
k

√ )
⋅

β
2

̅̅̅
k

√ − r = 0 (A.3) 

We derive the optimal investment 

kI =
β2(− 1 + c + t)2

(
β2 − 4r

)2 (A.4) 

Importantly, ∂kI/∂Δ = 0, while qI
B(Δ) > 0. The minimum-margin rule affects how downstream profits are allocated between the integrated MSP 

and the independent MSP, but it does not alter the integrated firm's incentive to expand charging infrastructure. The reason is that a higher infra
structure density increases total demand for EV charging services, while the integrated firm continues to appropriate the resulting gains through a 
combination of retail sales and wholesale access revenues. Regulation therefore changes who captures downstream rents, the degree of downstream 
competition, and the commercial viability of rival MSPs. However, it does not affect the core economic mechanism of the model: a denser charging 
network raises EV demand, higher EV demand increases charging usage, and the integrated firm continues to benefit from that expanded market. This 
suggests that interoperability rules may improve market contestability without necessarily discouraging infrastructure deployment.

A.3.1 Regulation-specific frictions: interoperability compliance costs
The baseline model is intentionally parsimonious and abstracts from contractual and operational frictions in order to isolate the core economic 

mechanism of the paper, namely that vertical integration allows the firm to internalize the indirect network externalities between infrastructure 
investment and downstream charging demand. This simplification is useful for identifying the pure foreclosure investment trade-off under a laissez- 
faire environment. However, once interoperability obligations are introduced, additional costs may arise that are specific to the regulated regime. In 
practice, a vertically integrated CPO required to serve rival MSPs must provide open technical interfaces, ensure billing interoperability, manage 
authentication and settlement systems, resolve customer disputes, comply with non-discrimination rules, and satisfy regulatory reporting re
quirements. These are not generic production costs, but coordination and compliance costs triggered by regulation itself.

To capture this feature, we allow the effective cost of infrastructure deployment to increase with the stringency of the access rule, through a 
regulation-specific cost component τ(Δ), where τʹ(Δ) = ∂τ/∂Δ > 0. Incorporating such frictions provides a natural robustness extension of the 
benchmark model and introduces a richer trade-off: stricter interoperability rules may enhance downstream competition and market contestability, 
but they may simultaneously impose administrative burdens and weaken incentives to expand infrastructure.

So the integrated firm's profit is: 

πI
A =(p − c)qA + (w − c)qB − rk − τ(Δ)k (A.5) 

By substituting (A.1) and (A.2) into (A.5), we obtain πI
A =

(1− t− c+β
̅̅
k

√
)

2
− 5Δ2

4 − [r + τ(Δ)]k. First order condition with respect to k is: 

∂πI
A

∂k
=

1
4

⋅2
(

1 − t − c+ β
̅̅̅
k

√ )
⋅

β
2

̅̅̅
k

√ − [r+ τ(Δ)] = 0 (A.6) 

We derive the optimal investment 

26 The integrated CPO-MSP would like to push the independent MSP exactly to zero output, but regulation requires the rival to retain at least a minimum viable 
margin Δ. Since the integrated firm still benefits from raising w up to the maximum allowed level, it chooses the highest wholesale price compatible with the rule. 
Regulation therefore creates partial foreclosure: the rival survives, but only at the minimum scale allowed by the constraint.
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kI(Δ)=
β2(1 − t − c)2

(
4[r + τ(Δ)] − β2)2 (A.7) 

with: 

∂kI

∂Δ
= −

8β2(1 − t − c)2τʹ(Δ)
[
4(r + τ(Δ)) − β2]3 <0 (A.8) 

In the baseline constrained model, the minimum-margin rule affects only the distribution of downstream rents, leaving infrastructure incentives 
unchanged. While analytically convenient, this neutrality result relies on the assumption that wholesale access can be supplied costlessly. If inter
operability requires transaction, billing, or platform-management costs, stricter minimum-margin regulation lowers the profitability of serving rival 
MSPs and therefore reduces the integrated firm's incentive to invest in charging infrastructure.

Overall, the extension shows that relaxing the assumption of full foreclosure attenuates, but does not overturn, the main mechanism of the model. 
Under a binding minimum-margin rule, the independent MSP remains active and downstream competition is strengthened relative to the baseline 
foreclosure benchmark. At the same time, the integrated firm continues to internalize, at least partially, the indirect network externalities between 
infrastructure deployment and charging demand. Hence, the investment advantage of vertical integration is reduced but not necessarily eliminated. In 
welfare terms, allowing for partial foreclosure or regulated access is likely to improve allocative efficiency through stronger downstream competition, 
while preserving at least part of the infrastructure-investment incentives generated by integration. As long as access pricing remains above marginal 
cost, the integrated operator retains incentives to expand infrastructure, implying that the welfare ranking established in the baseline model should be 
interpreted as attenuated rather than reversed under realistic interoperability constraints.

A.4 Numerical Simulation

A.4.1 Calibration
Table A.5 summarizes the variables used in the calibration, their interpretation in the model, and the corresponding data sources or calculation 

procedures.
The relevant market size M is measured by the number of licensed drivers in each metropolitan area, which we interpret as the population 

potentially interested in purchasing an EV. This choice is consistent with the theoretical model, where the mass of potential consumers is normalized to 
one and total equilibrium demand is interpreted as the EV adoption share. Accordingly, observed EV adoption is measured as D̃ = N/ M, where N is the 
number of EVs registered in the metropolitan area. Observed charging infrastructure density is measured as the number of public charging stations per 
1 000 licensed drivers: k̃ = St/M⋅1000 where St is the number of charging stations. This measure is consistent with the model's interpretation of k as 
the density, or capillarity, of the charging network within the relevant home territory. The key parameter governing indirect network effects is β, 
which measures the utility benefit generated by charging infrastructure density. In the theoretical model, EV demand is given by D = 1− t+ β

̅̅̅
k

√
− p.

Hence, ∂D
∂k = β

2
̅̅
k

√ , and the elasticity of EV demand with respect to charging infrastructure density is εD,k = ∂D
∂k

k
D = β

̅̅
k

√

2D . Evaluating this expression at the 

observed values D̃ and k̃, we obtain the calibrated metropolitan-area-specific value of β: β =
2D̃εD,k̅̅

k̃
√ . Since the number of licensed drivers is treated as 

fixed within each metropolitan area, the elasticity with respect to charging infrastructure density per licensed driver is equivalent to the elasticity with 
respect to the number of charging stations. We therefore use the estimate provided by van Dijk et al. (2022), who report an elasticity of EV adoption 
with respect to the number of charging stations equal to εD,k = 0.54 in their preferred cubic control-function specification. This choice is also 
consistent with the infrastructure variable used in the calibration, since k is measured in terms of charging stations rather than charging points. This 
distinction is relevant. Van Dijk et al. (2022) show that the elasticity with respect to charging points is approximately half the magnitude of the 
elasticity with respect to charging stations. This suggests that EV adoption responds more strongly to the spatial visibility and accessibility of charging 
locations than to the number of plugs available at each location. In other words, holding the total number of charging points constant, a more spatially 
dispersed network of stations may have a stronger effect on perceived charging availability than a more concentrated network with fewer locations 
and more plugs per station. In the Italian metropolitan areas considered here, the average number of charging points per station is approximately 
three, which further supports the use of charging stations as the relevant measure of infrastructure density. Using this calibration procedure, the 
average value of β across the Italian metropolitan areas is equal to 0.0146. This value is consistent with the empirical relationship between EV 
adoption and charging infrastructure density reported in Figure A.2.
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Table A.5 
Calibration variables and data sources

Parameter Description Data source/Calculation

M Relevant population (number of people with a driving licence) ISTAT (2026), MIT (2024)
N Number of EVs in the metropolitan area ACI (2026)
St Number of charging stations MASE-PUN (2026)
m Average annual kilometres per vehicle ISTAT (2021)
i Private-mode share: car and motorcycle Clean cities and Isfort (2023)
j Public-transport share: bus, rail, metro, and tram Clean cities and Isfort (2023)
z Active-mode share: cycling and walking Clean cities and Isfort (2023)
D̃ Observed EV adoption share relative to the relevant population D̃ = N/M = 1 − V0

k̃ Observed public charging infrastructure density k̃ = St/M⋅1000
β Utility benefit generated by charging infrastructure density

β =
2D̃ εD,k

̅̅̅
k̃

√

t€ Annual capital and maintenance cost of owning an EV Danielis et al. (2018), Franzò et al. (2022), and IVASS (2026)
n Annual charging demand per EV (in kWh) n = m⋅0.18
p̃€ Observed unit price of charging services (€/kWh) AGCM (2025)

r€ Capital and maintenance cost of charging infrastructure MASE (2026)
c€ Unit production cost of charging services ARERA (2025)
Ṽ Monetary value of the WTP for EV ownership

Ṽ =
t€ + p€n

1 + β
̅̅̅
k̃

√
− D̃

λ€ Per-EV environmental benefit relative to the local modal mix λ€ = Δe(m, i, j)
​ ​ ​
t Normalized annual EV ownership cost t = t€/Ṽ
r Normalized capital and maintenance cost of charging infrastructure r = r€ /(1000 ⋅Ṽ)
c Normalized production cost of charging services c = c€n/Ṽ
λ Normalized per-EV environmental benefit λ = λ€/Ṽ

Data sources (last retrieved 6 May 2026):
ISTAT (2026) – Resident Population, 2025. Available https://demo.istat.it/app/?i=POS&l=it.
MIT (2024) – Distribution of driving licence points in Italy (2022). Available at https://www.mit.gov.it/come-fare-per/patenti-mezzi-e-abilitazioni/patente-punti.
ACI (2026) – Open Vehicle Fleet, 2025. Available at https://opv.aci.it/WEBDMCircolante/.
ISTAT (2021) – Kilometres travelled by road vehicles in circulation, 2019. Available at https://www.istat.it/comunicato-stampa/le-percorrenze-dei-veicoli-stradali-ci 
rcolanti-anno-2021/.
Clean cities and Isfort (2023) Decarbonising transport and transforming our cities by focusing on active and sustainable mobility, 2017-2019. Available at https: 
//www.istat.it/comunicato-stampa/gli-spostamenti-per-motivi-di-studio-o-lavoro-nel-2019-secondo-il-censimento-permanente-della-popolazione/.
IVASS (2026) – IPER: Trends in actual prices for motor third-party liability insurance, 2025. Available at https://www.ivass.it/pubblicazioni-e-statistiche/statistiche/c 
omunicazioni-statistiche/index.html.
AGCM (2025) – A557: Enel X Way and Ewiva/Abusive conduct in the market for electric charging services, 2023. Available at https://www.agcm.it/ricerca-avanzata 
-provvedimenti.
MASE (2026) – Investment 4.3 - Installation of electric charging infrastructure. Available at https://www.mase.gov.it/portale/investimento-4.3-installazione-di-i 
nfrastrutture-di-ricarica-elettrica.
ARERA (2025) – The underlying costs of electric vehicle charging, 2025. Available at https://www.mimit.gov.it/images/stories/documenti/20250611_costi_ricaric 
a_per_MIMIT-GarantePrezzi.pdf.

Fig. A.2. EVs adoption share and public charging station density across Italian metropolitan areas in 2025: observed values and fitted relationship
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In the theoretical model, we normalize the annual number of charging services to one, n = 1. In the empirical application, however, the annual 
intensity of charging demand must be explicitly accounted for. We therefore compute annual charging demand per EV as n = m⋅ 0.18, where m is the 
average annual kilometres travelled per vehicle and 0.18 kWh/km is the assumed average energy consumption of an EV. The empirical counterpart of 
the model price is then ̃p€n. Accordingly, when the model generates equilibrium values for p, these values refer to total annual charging expenditure in 
normalized units. To obtain the corresponding unit price of charging services in €/kWh, the monetary value of equilibrium p must be divided by n. The 
monetary variables in the model are expressed in normalized utility units. To convert observed monetary values into model units, we first recover a 
metropolitan-area-specific monetary value of the maximum willingness to pay (WTP) for EV ownership, Ṽ. From the demand equation evaluated at 

observed EV adoption, we have D̃ = 1 −
t€+̃p

€
n

Ṽ
+ β

̅̅̅
k̃

√
, which implies Ṽ =

t€+̃p
€
n

1+β
̅̅
k̃

√
− D̃

. The normalized annual ownership cost of an EV, t, and the 

normalized unit production cost of charging services, c, are then obtained by dividing the corresponding monetary values by Ṽ: t = t€

Ṽ
, c = c€n

Ṽ
. The 

charging infrastructure cost parameter r is normalized as r = r€

1000⋅̃V
, because k is measured as the number of charging stations per 1 000 licensed 

drivers. This normalization ensures consistency between the empirical measure of charging density and the cost term rk in the theoretical model.
Finally, the environmental-benefit parameter λ captures the per-EV social benefit associated with avoided externalities (e.g., emissions and noise). 

We compute the monetary value λ€ using estimates of the external costs of transport from the European Commission (2020), adjusted by average 
annual vehicle kilometres and by the metropolitan-area-specific modal split. This adjustment is important because the environmental benefit of EV 
adoption depends on the transport mode displaced. The benefit is larger when EVs replace ICE private vehicles, such as cars or motorcycles, but it is 
smaller, and may even become negative, when EV adoption substitutes for public transport, cycling, or walking. Thus, λ€ varies across metropolitan 
areas according to local mobility patterns. The normalized environmental-benefit parameter is then given by λ = λ€

Ṽ
. The calibrated values of all model 

parameters for the fourteen Italian metropolitan areas are reported in Table A.6.

A.4.2 Equilibrium expressions
Table A.7 reports the benchmark equilibrium outcomes for the fourteen Italian metropolitan areas under the two market structures analysed in the 

theoretical model: vertically integrated CPO-MSP markets, I, and vertically separated CPO–MSP markets, S. Table A.8 reports the results of the policy 
simulations under the vertically integrated CPO-MSP scenario.

Table A.6 
Observed variables and calibrated model parameters for Italian metropolitan areas

Parameter Unit of measure Rome Milan Naples Turin Bari Palermo Catania Bologna Florence Venice Genoa Messina Reggio 
Calabria

Cagliari

M No. of licensed drivers 2,762,293 2,002,932 1,739,997 1,450,269 781,650 749,196 688,777 689,326 657,943 539,639 505,403 393,837 324,265 276,541
N No. of vehicles 41,550 25,911 6 006 17,377 3 657 3 064 4 301 7 193 23,250 4 465 2 159 1 515 969 2 031
St No. of stations 1 511 1 397 300 934 229 190 176 489 367 282 303 172 63 108
m No. of kilometres 10,323 9 692 9 817 9 669 10,260 8 776 9 416 10,838 10,902 10,611 8 460 8 544 9 858 9 988
i % 57% 61% 55% 53% 57% 65% 67% 59% 60% 58% 51% 76% 76% 62%
j % 20% 11% 13% 16% 6% 7% 8% 12% 9% 15% 20% 5% 5% 12%
z % 23% 28% 31% 31% 37% 28% 26% 29% 31% 27% 29% 19% 19% 26%
D̃ % 1.50% 1.29% 0.35% 1.20% 0.47% 0.41% 0.62% 1.04% 3.53% 0.83% 0.43% 0.38% 0.30% 0.73%

k̃ No. of stations 
per 1000 licensed drivers

0.547 0.697 0.172 0.644 0.293 0.254 0.256 0.709 0.558 0.523 0.600 0.437 0.194 0.391

β Normalized units 0.0220 0.0167 0.0090 0.0161 0.0093 0.0088 0.0133 0.0134 0.0511 0.0124 0.0060 0.0063 0.0073 0.0127
t€ €/EV per year 4 993 4 904 5 081 4 941 4 898 4 899 4 916 4 928 4 997 4 913 4 969 4 905 4 908 4 919
n kWh/year 1 858 1 745 1 767 1 740 1 847 1 580 1 695 1 951 1 962 1 910 1 523 1 538 1 774 1 798
p̃€ €/kWh 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67

r€ €/station per year 8 157 8 157 8 157 8 157 8 157 8 157 8 157 8 157 8 157 8 157 8 157 8 157 8 157 8 157
c€ €/kWh 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32
Ṽ €/EV per year 6 230.16 6 066.38 6 263.30 6 101.23 6 133.06 5 954.94 6 048.05 6 230.16 6 293.49 6 188.49 5 987.53 5 933.08 6 095.42 6 119.46

λ€ €/EV per year 796.52 1 209.37 671.29 398.75 920.94 1 473.49 1 714.47 1 128.45 1 272.26 971.33 151.26 2 378.48 2 744.27 1 335.99
t Normalized units 0.8014 0.8084 0.8112 0.8098 0.7986 0.8226 0.8127 0.7910 0.7939 0.7939 0.8299 0.8266 0.8052 0.8037
r Normalized units 0.0013 0.0013 0.0013 0.0013 0.0013 0.0014 0.0013 0.0013 0.0013 0.0013 0.0014 0.0014 0.0013 0.0013
c Normalized units 0.0954 0.0920 0.0903 0.0913 0.0964 0.0849 0.0897 0.1002 0.0998 0.0988 0.0814 0.0829 0.0932 0.0940
λ Normalized units 0.1278 0.1994 0.1072 0.0654 0.1502 0.2474 0.2835 0.1811 0.2022 0.1570 0.0253 0.4009 0.4502 0.2183
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Table A.7 
Calibrated benchmark equilibria for Italian metropolitan areas: integrated versus separated markets

Rome Milan Naples Turin Bari Palermo Catania Bologna Florence Venice Genoa Messina Reggio Calabria Cagliari

Scenario I
wI,€ 0.511 0.503 0.497 0.502 0.497 0.497 0.500 0.500 0.663 0.499 0.495 0.496 0.496 0.499
pI,€ 0.511 0.503 0.497 0.502 0.497 0.497 0.500 0.500 0.663 0.499 0.495 0.496 0.496 0.499
kI 0.227 0.107 0.030 0.098 0.035 0.023 0.062 0.083 4.457 0.067 0.010 0.011 0.020 0.063
StI 628 214 52 142 27 17 43 57 2 932 36 5 4 6 17
DI 5.68% 5.25% 5.00% 5.20% 5.34% 4.69% 5.05% 5.63% 10.71% 5.53% 4.46% 4.55% 5.13% 5.27%
DI⋅ M 156,973 105,240 87,014 75,367 41,727 35,151 34,753 38,812 70,459 29,832 22,555 17,933 16,647 14,577
QI = DI ⋅ M⋅ n 291,677,258 183,596,969 153,759,448 131,169,835 77,062,089 55,526,723 58,902,266 75,716,797 138,266,119 56,979,375 34,346,471 27,580,266 29,539,873 26,207,288
πI,€

A + πI,€
B

50,455,104 31,799,110 26,832,656 22,734,335 13,437,973 9,682,934 10,255,397 13,149,511 23,569,779 9,910,289 5,987,556 4,810,175 5,157,349 4,560,070

CSI,€ 27,787,375 16,772,291 13,627,174 11,948,101 6,830,882 4,910,408 5,302,647 6,807,472 23,743,648 5,103,042 3,013,411 2,422,497 2,604,762 2,351,070
EI,€ = λ€⋅ DI 125,032,318 127,273,499 58,411,506 30,052,467 38,428,295 51,794,093 59,582,915 43,797,961 89,642,534 28,977,177 3,411,749 42,654,414 45,685,055 19,474,927
WI,€ 203,274,797 175,844,900 98,871,336 64,734,903 58,697,150 66,387,435 75,140,959 63,754,943 136,955,961 43,990,508 12,412,717 49,887,085 53,447,166 26,386,066
Scenario S
wS,€ 0.504 0.499 0.496 0.499 0.496 0.496 0.498 0.498 0.577 0.497 0.495 0.495 0.496 0.498
pS,€ 0.566 0.559 0.555 0.559 0.555 0.555 0.557 0.557 0.662 0.556 0.553 0.554 0.554 0.557
kS 0.094 0.046 0.013 0.042 0.015 0.010 0.027 0.036 1.106 0.029 0.004 0.005 0.009 0.027
StS 261 92 23 61 12 7 19 25 728 16 2 2 3 8
DS 3.66% 3.44% 3.32% 3.41% 3.54% 3.11% 3.33% 3.71% 5.33% 3.65% 2.97% 3.03% 3.41% 3.48%
DS⋅ M 101,225 68,899 57,707 49,403 27,665 23,323 22,908 25,573 35,100 19,692 15,004 11,927 11,061 9 618
QS = DS⋅ M⋅ n 188,089,726 120,198,719 101,972,113 85,981,821 51,091,109 36,842,937 38,826,610 49,889,247 68,879,007 37,612,045 22,847,703 18,342,586 19,627,062 17,291,948
πS,€

A + πS,€
B +

πS,€
Γ

44,091,327 28,007,370 23,788,779 20,036,218 11,911,712 8,586,626 9,064,078 11,619,510 17,633,947 8,765,329 5,316,455 4,270,552 4,576,580 4,032,350

CSS,€ 11,555,069 7,188,877 5,993,562 5,133,862 3,002,520 2,161,832 2,304,028 2,955,393 5,892,365 2,223,554 1,333,458 1,071,488 1,149,903 1,023,550
ES,€ = λ€⋅ DS 80,627,796 83,324,423 38,738,073 19,699,390 25,477,433 34,366,273 39,275,273 28,858,158 44,656,556 19,127,814 2,269,538 28,367,829 30,354,342 12,849,839
WS,€ 136,274,192 118,520,670 68,520,414 44,869,471 40,391,665 45,114,732 50,643,379 43,433,061 68,182,869 30,116,697 8,919,451 33,709,870 36,080,826 17,905,739
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Table A.8 
Calibrated policy simulations for Italian metropolitan areas: consumer versus firm subsidies

Rome Milan Naples Turin Bari Palermo Catania Bologna Venice Genoa Messina Reggio Calabria Cagliari

Consumer subsidies
wI,CTS,€ 1.270 1.480 1.072 0.958 1.196 1.639 1.776 1.314 1.229 0.774 2.243 2.254 1.481
pI,CTS,€ 1.270 1.480 1.072 0.958 1.196 1.639 1.776 1.314 1.229 0.774 2.243 2.254 1.481
kI,CTS 5.644 4.309 0.535 1.204 0.857 1.254 4.072 2.528 1.731 0.064 1.299 2.373 2.638
StI,CTS 15,589 8 631 931 1 746 670 939 2 804 1 743 934 32 512 770 730
DI,CTS 28.32% 33.37% 21.22% 18.19% 26.38% 34.98% 40.80% 31.12% 28.06% 11.54% 49.85% 56.31% 34.12%
DI,CTS⋅ M 782,319 668,381 369,251 263,845 206,216 262,054 281,006 214,492 151,413 58,344 196,314 182,609 94,349
QI,CTS = DI,CTS ⋅ M⋅ 

n
1,453,658,978 1,166,030,879 652,489,234 459,200,806 380,839,400 413,961,029 476,270,905 418,439,494 289,195,187 88,846,439 301,915,046 324,029,267 169,624,054

πI,CTS,€
A + πI,CTS,€

B
1,253,213,429 1,282,637,856 483,199,798 278,624,691 328,198,008 538,172,882 670,496,559 401,596,999 255,289,579 40,065,025 576,412,577 620,551,322 191,030,278

CSI,CTS,€ 690,188,076 676,521,320 245,396,794 146,432,076 166,831,842 272,918,160 346,686,414 207,905,858 131,454,629 20,163,884 290,292,469 313,414,617 98,490,922
EI,CTS,€ = λ€⋅ 

DC,FTS

623,135,149 808,318,517 247,873,410 105,208,007 189,911,914 386,133,649 481,774,480 242,044,001 147,071,819 8,825,413 466,928,391 501,129,264 126,049,520

yI,CTS,€ 2 561 3 234 2 000 1 509 2 539 3 556 4 182 3 067 2 708 842 5 336 6 177 3 424
yI,CTS,€⋅ DI,CTS⋅ M 2,003,511,301 2,161,361,156 738,666,998 398,072,159 523,575,598 931,969,969 1,175,147,308 657,855,717 409,981,076 49,153,182 1,047,513,329 1,127,958,497 323,031,363
WI,CTS,€ 563,025,353 606,116,536 237,803,004 132,192,615 161,366,166 265,254,722 323,810,145 193,691,141 123,834,950 19,901,141 286,120,108 307,136,705 92,539,356
Firm subsidies
wI,FTS,€ 0.544 0.527 0.502 0.513 0.503 0.505 0.521 0.513 0.510 0.496 0.502 0.505 0.514
pI,FTS,€ 0.544 0.527 0.502 0.513 0.503 0.505 0.521 0.513 0.510 0.496 0.502 0.505 0.514
kI,FTS 1.892 1.385 0.202 0.483 0.306 0.399 1.251 0.860 0.608 0.031 0.384 0.701 0.859
StI,FTS 5 226 2 773 352 700 239 299 861 592 328 15 151 227 238
DI,FTS 5.30% 4.84% 4.96% 5.16% 5.26% 4.55% 4.64% 5.41% 5.37% 4.47% 4.42% 4.93% 5.01%
DI,FTS⋅ M 146,487 96,941 86,226 74,858 41,092 34,073 31,968 37,262 29,001 22,587 17,425 15,990 13,852
QI,FTS = DI,FTS ⋅ M⋅ 

n
272,193,991 169,120,228 152,367,279 130,283,683 75,889,061 53,824,947 54,181,220 72,692,589 55,391,735 34,395,499 26,798,461 28,373,029 24,904,401

πI,FTS,€
A + πI,FTS,€

B
59,218,643 36,101,220 27,500,636 24,080,257 13,868,193 10,118,567 11,433,342 14,148,535 10,486,699 6,018,405 4,981,471 5,413,508 4,931,090

CSI,FTS,€ 38,278,438 21,617,538 14,314,097 13,404,685 7,275,268 5,362,183 6,590,740 7,881,150 5,713,919 3,044,542 2,598,105 2,869,938 2,749,212
EI,FTS,€ = λ€⋅ DI,FTS 146,749,160 144,492,365 59,865,619 31,831,638 39,658,588 54,124,294 66,426,670 47,125,477 30,662,570 3,429,327 44,173,394 47,954,176 21,059,460
YI,FTS,€ 4 839 5 585 4 953 4 261 5 308 6 130 6 128 5 433 5 286 3 579 6 739 6 720 5 768
YI,FTS,€⋅ StI,FTS 25,286,638 15,487,662 1,742,721 2,984,738 1,271,061 1,831,590 5,278,849 3,219,268 1,733,177 55,242 1,020,127 1,526,521 1,370,140
WI,FTS,€ 218,959,603 186,723,461 99,937,632 66,331,842 59,530,989 67,773,454 79,171,904 65,935,894 45,130,012 12,437,031 50,732,843 54,711,101 27,369,622
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Data availability

No data was used for the research described in the article.
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