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Executive Summary 

This study investigates the impact of smart and bidirectional charging (Vehicle-to-X) on the European 

power system and the grid and analyses how users of electric vehicles can reduce their electricity costs 

by benefitting from smart and bidirectional charging.  

Bidirectional charging, involving the use of electric vehicles (EVs) to both draw power from and re-

turn power to the grid, is emerging as a promising technology with potential environmental, eco-

nomic and grid management benefits. Its implications vary significantly across different areas includ-

ing the power market, grid infrastructure and user experience. 

Bidirectional charging is currently undergoing testing and early commercial trials in Europe, with in-

creasing industry recognition of its potential. However, most new EV models focus on vehicle-to-

load, enabling vehicles to charge electric appliances and vehicle-to-home (V2H) applications, rather 

than vehicle-to-grid (V2G). Furthermore, the availability of supporting infrastructure such as bidirec-

tional wallboxes is still limited. Despite technical, regulatory and acceptance barriers, vehicle-to-X of-

fers socio-technical-economic benefits such as CO2 emission reductions, integration of renewable 

energy and grid relief. 

In terms of technology, both AC and DC bidirectional charging solutions are supported by vehicle 

manufacturers. AC charging is less hardware-intensive and suitable for residential and slow charging, 

making it – in view of the authors – more cost-effective in the long term. DC charging,  

although currently leading in development in terms of both hardware and communication protocols 

(e.g. ISO 15118-20), will remain more expensive due to additional hardware requirements and will 

thus be used mainly for fast charging. While the technical solutions currently available for bidirec-

tional charging mainly use proprietary standards, it is a prerequisite for a broad diffusion and ac-

ceptance of bidirectional charging that both EVs and wallboxes support standardised communication 

protocols.  

Power market implications of bidirectional charging 

The electrification of the mobility sector leads to an increase in electricity demand, and therefore to a 

larger demand for renewable energy generation, if CO2 emission reduction goals are to be realised. 

Furthermore, this can result in a greater dependency on electricity network expansion, if the best re-

newable locations across Europe are used. Smart charging and bidirectional charging technologies 

offer significant benefits in alleviating pressure during this transformation. They contribute to a de-

crease in curtailment and electricity network expansion, facilitate better integration of photovoltaic 

(PV) capacity, allowing more capacity to be installed and reduce the need for alternative flexibility 

resources within the system. This leads to less reliance on stationary battery storage, electrolysis and 

the electrification of hydrogen and natural gas. System cost savings of more than 10 % can be real-

ized, if smart and bidirectional charging is implemented. In the decade from 2030 to 2040 the cost 

difference could be over EUR100b in energy system costs, if relative savings of 2030 are used.  

Compared to smart charging alone, bidirectional charging offers additional advantages, such as de-

creasing the need for backup capacity from gas and hydrogen power plants and lowering the use of 

power generation from these sources. The opportunity to integrate PV capacity more effectively is 

seen as the biggest value of the charging flexibility provided by electric cars, especially when they are 

connected during the day. This represents a key advantage of electric cars over the charging flexibility 

of trucks that charge mainly at nighttime. This is the reason why the flexibility of trucks adds only 

marginal value to the power system (if passenger cars are already equipped with bidirectional capa-

bilities). Consequently, the additional value of bidirectional charging decreases with a larger share of 
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electric vehicles. The modelling results indicate that a large part of the benefits of bidirectional charg-

ing can be realised even without truck flexibility. 

Grid implications of bidirectional charging 

The impact of bidirectional charging on distribution grids is examined through two use cases:  

1) Economically optimised charging of electric cars and using the battery to feed electricity back to 

the household.  

Economically optimised charging assumed dynamic retail tariffs for EV users (vehicle-to-home). Alt-

hough this meant that the local grid situation is not considered for the charging schedule, this ap-

proach does not produce negative effects. Instead, marginally positive effects on peak loads are ob-

served, facilitating the integration of PV generation and decreasing grid load. However, this benefit is 

highly grid-specific.  

2) Grid-friendly charging.  

Grid-friendly charging, where transformer loading is monitored to prevent overloading, also reduces 

but does not eliminate grid overloads. This approach involves postponing charging processes during 

overloads without reducing the target state of charge (SOC) and charging plugged-in vehicles during 

feed-in overloads where possible. Overall, various grid-specific conditions, including PV installations, 

heat pumps and EVs, dictate the need for grid extensions. This limits the overall contribution of bidi-

rectional charging. Nevertheless, on average, grid extension costs are slightly reduced. 

User perspective – smart charging & vehicle-to-home 

In general, smart and bidirectional charging at home offers significant cost-saving potentials. The high-

est benefits stem from increased self-consumption of PV energy, while dynamic electricity prices also 

offer considerable savings. Savings from smart and bidirectional charging range from EUR30 to 

EUR430 per year for smaller EVs (4 – 34 % cost savings) and from EUR78 to EUR780 per year for larger 

EVs (7 – 35 % cost savings) compared to not-optimized charging. The impact of bidirectional charging 

is greater than that of smart charging with cost savings increasing by around 5%. Bidirectional cost 

savings are related to a vehicle-to-home use case that is analysed in detail. Additional savings from 

arbitrage trading with electricity feed back into the grid could further increase benefits for users. For 

this use case no model results are calculated, but a literature review indicated potential revenues. 

Savings vary by household type, with smaller households achieving lower savings (both relative and 

absolute) than larger households. In countries with lower electricity costs, such as Poland and France, 

absolute cost reductions are lower, making vehicle-to-home (V2H) less attractive for the same invest-

ment. 

The battery life of an EV can be extended by an average of 40% by lowering the target state of charge 

(SOC) from 100% to 80% upon departure. Controlled charging extends battery life by a further 5-10%, 

compared to uncontrolled charging, with bidirectional charging slightly underperforming unidirec-

tional charging.  



Potential of a full EV-power-system-integration in Europe 

Fraunhofer ISE & ISI  |  8 

 

1 Introduction 

Electric vehicles (EVs) can decrease emissions and support the integration of volatile renewable energy 

sources by flexibly changing their charging pattern [1, 2]. Bidirectional power flows, i.e. EVs not only 

drawing energy from the grid but also inducing energy from the battery back to the grid or to other 

consumers such as electric devices, households or larger (office) buildings or sites, could increase this 

effect [3]. The concept of bidirectional charging (in this study also referred to as vehicle-to-X (V2X)) 

has been a topic of discussion for over two decades [4]. Main concepts include V2G (vehicle to grid), 

V2H (vehicle to home) and V2L (vehicle to load), in which energy from the vehicle’s battery is fed back 

into the electricity grid, used either as supplement power supplier to the home or used to directly 

power an adjacent load, respectively [5]. Despite its high flexibility potential and an increasing number 

of trials in Europe and beyond [6], the commercial availability and widespread implementation of bi-

directional charging is still scarce. Extant work has shown that there is a high level of uncertainty re-

garding the effects of bidirectional charging on battery degradation [7], and that V2X implementation 

is still hampered not only by technical, but also regulatory and social challenges [3].  

Beyond these barriers directly related to bidirectional charging, the pure number of available electric 

vehicles was – until recently –limited, while the additional need for flexibility in the power system was 

low, as flexibility was effectively provided by conventional power plants. However, driven by the in-

creasing demand for flexibility in the current and future energy system, the urgency to explore bidi-

rectional charging has grown substantially. Additionally, technical and market design advances, such 

as the introduction of aggregation concepts, make it possible to realise the potential of bidirectional 

charging in a coordinated and efficient manner. 

From the perspective of battery technology, electric vehicles and charging infrastructure, bidirectional 

charging is on the brink of becoming a commercially viable solution. The rationale behind this shift is 

compelling – electric vehicles (EVs) spend approximately 95% of their time idle [8]. EV battery capacities 

are significantly larger than common household batteries and could cover a household’s electricity 

demand for multiple days. 

This study investigates the potential of bidirectional charging of EVs applying three perspectives:  

 

Figure 1:  Scope and perspectives of this study 
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Regarding these perspectives on bidirectional charging, the following aspects will be investigated 

within this study: 

➢ What are barriers for the realisation of the V2X potential, considering power system design, grid 

framework, vehicle availability and lack of awareness? 

➢ What is the theoretical and usable flexibility potential of bidirectional charging of passenger cars 

and electric trucks in the EU power market and in its Member States? How does bidirectional charg-

ing enable the system integration of renewable energy sources? 

➢ What are the costs and savings generated through a large-scale application of bidirectional charg-

ing, particularly with regard to the electrical power system? 

➢ What are the potential gains for EV users when applying smart unidirectional or bidirectional charg-

ing at home? Does the resulting charging behaviour align with the system requirements? How does 

battery size and degradation affect bidirectional charging? 

➢ What are the current technological trends regarding bidirectional charging infrastructure? How do 

AC and DC systems compare in terms of cost and communication standards? 

Section 2 provides an overview of the drivers and barriers to V2X implementation, as well as an over-

view on the regulatory framework in Europe. Following this, Section 3 addresses bidirectional charging 

within the European power system, while Section 0 explores its potential for grid support. In Section 

5, we evaluate vehicle-to-home (V2H) applications, discuss future trends in charging infrastructure 

development and conduct a cost-benefit analysis of V2H for EV users with varying battery capacities. 

Based on the analysis, we draw recommendations and concluding remarks on how power systems can 

benefit best from V2X technology (Section 6) 

Our grid and user level analyses cover France, Germany, Italy, Poland, Spain and the United Kingdom. 

The power system is modelled for the entirety of Europe, with detailed analysis of the aforementioned 

countries. 
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2 Promise of V2X: Drivers and Barriers 

The realization of V2X technology promises large potential for improving power system efficiency and 

reducing CO2 emissions. However, several barriers hinder its full implementation. The following chapter 

analyses the current status of V2X and identifies main benefits, barriers and regulatory conditions for 

its implementation.  

2.1 State-of-the art/current industry activities 

Currently, V2X is in the testing phase in many countries across Europe. While most of the piloted 

activities (the database V2G-Hub1 comprises 142 projects globally) still aim to proof the concept, some 

commercial trials have already been conducted [9]. The projects test different services, with time shift-

ing of power, frequency response and distribution services being the most investigated ones [10]. In 

Europe, the projects BDL2, UnIT-e²3 and EUREF-campus4 (Germany), Powerloop5 (UK), BD4OPEM by 

Nuuve6 (Denmark and global), Flexitanie Project7 (France), EVVE8 (France and EU), DrossOne V2G Park-

ing Project (Italy)9 and the SCALE10 (Netherlands and EU) are among the most prominent ones.  

Industry has recognised the potential of V2X and has started to develop the respective hard- and 

software. Although the availability of cars capable of V2X is still scarce in Europe, several V2X car mod-

els have recently been announced or are already available on the European market (Table 1)—some 

of them, however, only for specific V2X applications. TESLA has realized bidirectional charging (V2L, 

V2H and vehicle-to-vehicle) in its Cybertruck in the US market, the developments for further models 

and for the European market are yet unclear tesla [11].   

Table 1:  Available car models capable of V2X or V2X-capability announced in Europe 

[12–14] 

1 Model not available anymore, V2L= Vehicle-to-load, V2H = Vehicle-to-home, V2G = Vehicle-to-grid, individual sub-models are 

not listed 

OEM Model V2X Capability Introduction in 

Europe 

Charging Standard 

Audi  Q4  V2H and V2G an-

nounced 

2023 CCS 

BYD Atto 3 V2L 2023 CCS 

BYD Dolphin V2L 2024 CCS 

 

1 https://www.v2g-hub.com/insights/ 

2 https://www.ffe.de/projekte/bdl/ 

3 https://unit-e2.de/ 

4 https://www.mobilityhouse.com/de_de/unser-unternehmen/referenzen/artikel/euref-campus 

5 https://octopusev.com/powerloop 

6 https://nuvve.com/projects/ 

7 https://www.flexitanie.fr/projet-flexitanie 

8 https://www.edf.fr/en/the-edf-group/inventing-the-future-of-energy/electric-mobility-for-today-and-tomorrow/edf-launches-europes-first-bidirecti-

onal-charging-demonstrator/evve-an-ambitious-project 

9 https://www.esolutions.free2move.com/eu/en_it/drossone-v2g-project/ 

10 https://scale-horizon.eu/ 
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OEM Model V2X Capability Introduction in 

Europe 

Charging Standard 

BYD  HAN V2L 2023 CCS 

BYD  SEAL 82.5 kWh  V2L 2023 CCS 

Cupra Born (with 77 kWh 

and VW-Software 3.5) 

V2H 2023/2024 CCS 

Cupra Tavascan V2H and V2G an-

nounced 

2024 CCS 

Dacia Spring V2L 2024 CCS 

Ford F-150 Lighting V2H 2023 CCS 

Genesis GV60, GV70, G80 V2L 2022 CCS 

Hyundai  IONIQ 5/6 V2L 2022/2023 CCS 

Hyundai  Kona Electric 65 kWh V2L 2023 CCS 

Kia  EV9 AWD/GT-Line V2L, V2H, V2G 2023 CCS 

Kia  Niro EV V2L 2022 CCS 

KGM  Torres EVX V2L 2024 CCS 

Lucid Air Grand Touring V2L and V2H and 

V2G announced 

2023 CCS 

Lucid Air Pure RWD V2L and V2H and 

V2G announced 

2024 CCS 

MG MG4, MG5, Marvel V2L 2022 CCS 

Mitsubishi  Outlander1, eMIEV1 V2G 2010 CHAdeMO 

Nissan Leaf V2G 2013 CHAdeMO 

Nissan  Leaf e+ V2H, V2G 2022 CHAdeMO 

Nissan eNV2001 V2G 2020 CHAdeMO 

Peugeot  e-3008/5008 V2L 2024 CCS 

Polestar  3  V2L and V2H and 

V2G announced 

2022 CCS 

Polestar 4 V2L 2024 CCS 

Renault  5 E-Tech V2L and V2H and 

V2G announced 

2024 CCS 

Skoda Enyaq (with 77 kWh 

and VW- Software 3.5) 

V2H and V2G an-

nounced 

2023 CCS 

Smart #1, #3 V2L 2024 CCS 
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OEM Model V2X Capability Introduction in 

Europe 

Charging Standard 

Volkswagen ID.3, ID.4, ID.5, ID.7, ID 

Buzz (with 77 kWh 

and VW—Software 

3.5) 

V2H and V2G an-

nounced 

2022-2024 

 

 

CCS 

Volvo  EX90  V2L and V2H and 

V2G announced 

2022/2023 CCS 

XPENG  G6/G9 RWD V2L 2024 CCS 

 

As for vehicles, the availability of V2X-capable charging stations on the market is limited (Table 2). On 

the European market, only two manufacturers, EVTEC and Alpitronic, offer V2X capable DC charging 

stations (05/2024). Several other models from various manufacturers are announced to be released, 

some in 2024. A similar situation applies to AC charging stations, with the market release of various 

models announced, but so far only two available models by Entratek and openWB. Both describe their 

product as “V2X ready”, meaning that the software implementing the norm ISO15118-20 is still in test 

phase and not installed yet.  

Table 2: Available and announced charging stations capable of V2X [15–17] 

OEM Model V2X Capabil-

ity 

AC/ DC Charging 

Standard 

Max Out-

put Power 

(DC) 

Comments 

Wallbox Quasar V2G/V2H DC CHAdeMO 7.4 kW Announced 

Wallbox Quasar 2 V2G/V2H DC CCS 11.5 kW Announced 

Kostal BDL Wallbox V2G DC CCS 11 kW Announced 

ionix AVA V2G DC CCS 25 kW Announced 

evtec Sospeso 

&charge 

V2X DC CCS/ 

CHAdeMO 

10 kW Available 

Alpitronic HYC 50 V2G/V2H DC CCS 50 kW Available 

Ambibox Ambicharge V2G/V2L DC CCS 11/22 kW Announced 

Enercharge DCW20/DCW40 V2G/V2H DC CCS 20/40 kW  

Volvo Bidi-Charger V2G/V2H AC   Announced 

E3/DC S10 M V2G/V2H    Announced 

E3/DC Edison DC Con-

nect 

V2H DC CCS 11 kW Announced 

eaton Green Motion 

DC 22 

V2G DC CCS/ 

CHAdeMO 

22 kW Announced 
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OEM Model V2X Capabil-

ity 

AC/ DC Charging 

Standard 

Max Out-

put Power 

(DC) 

Comments 

BorgWarner RES-DCVC125-

480-V2G 

V2G DC CCS 60 kW  

BorgWarner RESDCVC60-

480-V2G 

V2G DC CCS 125 kW  

dcbel r16 V2H/V2G 

ready 

AC/DC CCS/ 

CHAdeMO 

15.2 kW Announced 

Enteligent Hybrid DC Bidi-

rectional Fast 

EV Charger 

V2G/V2H DC CCS 15/25 kW Announced 

AME V2G 3p10kW 

V2X Charger 

V2G DC CHAdeMO 10 kW Announced 

Ford Charge Station 

Pro 

V2H DC CCS 19 kW Available, 

no certifi-

cate for Eu-

rope 

Nuvve RES-HD60-V2G V2G DC CCS 60 kW Announced, 

for North 

America 

       

Nuvve RES-HD125-

V2G 

V2G DC CCS 125 kW Announced, 

for North 

America 

Silla Duke 44 V2G/V2H/V2V DC CCS 2x22 kW Announced 

SolarEdge Ladestation 

BIDI 

V2G/V2H AC Type 2 22 kW Announced 

Endphase Bidirectional EV 

charger 

V2G/V2H DC CCS/ 

CHAdeMO 

 Announced 

Enovates Single Wallbox V2G AC Type 2 22 kW  

Mobilize Powerbox V2G/V2H AC  22 kW Announced 

ABB V2G Wallbox     Announced 

Delta Bidirectional 

Charger 

V2G/V2H DC  22 kW Available in 

Australia/In-

donesia 
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OEM Model V2X Capabil-

ity 

AC/ DC Charging 

Standard 

Max Out-

put Power 

(DC) 

Comments 

Fermata En-

ergy 

FE-15 V2G/V2H DC CHAdeMO 15 kW Announced, 

for North 

America 

Fermata En-

ergy 

FE-20 V2G/V2H DC CHAdeMO 20 kW Announced, 

for North 

America 

Indra  V2H DC CHAdeMO 7 kW Announced 

Nichicon  EV Power Sta-

tion 

V2H DC CHAdeMO 6 kW  

openWB Pro V2G/V2H AC Type 2 22 kW Available, 

without V2X 

Software 

Smartfox Pro Charger 2 V2G/V2H    Announced 

Sigenergy  Sigen EV DC 

Charging 

Modul 

V2G/V2H DC CCS/ 

CHAdeMO 

25 kW Announced 

sun2wheel Two-way-10 V2G/V2H DC CCS/ 

CHAdeMO 

10 kW Announced 

VW ID. Charger V2G/V2H    Announced 

Sono Wallbox V2G/V2H AC Type 2 11 kW For Sion EV 

only (dis-

continued) 

Entratek Power Dot Fix - 

BIDI 

V2G/V2H AC Type 2 22 kW Available, 

without V2X 

software 

2.2 Socio-techno-economic benefits  

Controlled charging, in particular V2X, can have several social, technical and economic benefits. Yet, 

the effect that controlled charging, including V2X, can have also varies due to differences in EV de-

ployment, regulatory conditions, cost or how EV charging is managed. Accordingly, differences in as-

sumptions and use cases render comparability of studies difficult. In line with this, also the benefits of 

V2X over unidirectional smart charging strongly depend on the specific situation [18].  

Key benefits that have been identified by extant work are integrating higher shares of variable renew-

able energies, e.g. by reducing variable renewable energy curtailment and increasing CO2 reduction 

[18].Both are of high value in the context of climate change mitigation. Additionally, the studies iden-

tified that V2X can have several technical benefits. V2G can reduce peak loads, at both transmission 

and distribution system level as well as congestion at distribution grid level [18]. A study focusing on 

Switzerland finds that the typical evening peak occurring at home charging stations with uncontrolled 
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charging can be reduced or even prevented using V2G [19]. Furthermore, V2G can also help to increase 

minimum voltages and reduce energy losses. V2H can increase the self-consumption of photovoltaic 

(PV) power [20] and, thereby, also reduce the amount of electricity needed from the grid and/or also 

reduce PV supply peak, which both can relieve grid components. Yet, the scale of the technical effect, 

i.e. the flexibility potential, depends on many situation-specific aspects such as the charging strategy, 

when and where the car is plugged in for charging during the day (i.e. the plug-in behaviour which 

relates to the driving patterns), battery sizes, EV and infrastructure deployment, the grid area (e.g. 

urban vs. rural), or the combination with other storage or flexibility technologies [19, 21].  

However, controlled charging and, in particular V2X, can also have negative technical effects on (dis-

tribution) grids. For controlled unidirectional charging, for example, increasing load peaks caused by 

a so-called over-coordination effect have been found in several studies as a result of simultaneous 

charging of many vehicles when switching from high to lower tariffs in the case of time-variable charg-

ing tariffs [21, 22]. For V2X in particular, the overload of grid components, in particular transformers 

and especially in grid situations with low transformer capacity coupled with a high number of house-

holds and EVs in the respective grid area [23], as well as potential high load peaks during lunchtime 

caused by a charging management shifting loads from evening to typical photovoltaic power produc-

tion times [19], have been identified as barriers. Nevertheless, these drawbacks are typically more than 

compensated for by an overall more favourable electricity system.  

While economic benefits can relate to general system benefits such as substantial savings in operating 

the electricity system [18] or reductions in grid reinforcement cost [19], potential revenues or charging 

cost savings are also of particular importance from a consumer perspective. In general, the economic 

benefits depend on the specific grid and household/building situation (e.g. the availability of photo-

voltaic power plants, stationary storage, grid connection capacities), the amount of flexibility provided 

(depending on charging strategies and plug-in behaviour [19], as well as on the remuneration or sav-

ings (depending on the use case).  

While controlled charging can already result in substantial economic benefits, such as reductions of 

unit rate costs [21], bidirectional charging typically reinforces these effects. Several studies exist that 

focus on bidirectional charging and passenger cars, i.e. EVs, while the evidence for bidirectional charg-

ing and medium- and heavy-duty vehicles, i.e. BETs, are still scarce. Moreover, studies in this field 

typically show revenues or savings in charging cost and hence, neglect additional investment cost 

applying for the required charging infrastructure and measurement technology, which are expected 

to decrease from currently around EUR6,000 per charging point to EUR3,000 per charging point in 

2025 for DC chargers [20] and even below EUR1,500 per charging point for AC chargers.  

Revenues from bidirectional charging differ depending on the use cases and if electricity is induced 

back to the household or to the building (V2H) resp. back to the grid for arbitrage trading on power 

markets (V2G).   

For the first case (V2H) for passenger cars and Germany, the BDL project had simulated V2H applica-

tions (i.e. the increase of PV self-consumption with a 5.5 kWp11 PV plant) and calculated average reve-

nues of around EUR310 per EV and year (60 kWh battery, 11 kW charging power, medium-sized house-

hold with an annual electricity demand of 3,800 kWh, non-commuter)12. The revenue will decrease if 

the EV will be used for commuting and in case of the availability of further flexibility technologies such 

as heat pumps or stationary batteries [20].  

For the second case (V2G), for day-ahead arbitrage, the BDL project simulated revenues of around 

EUR400 per EV and year (100 kWh battery, 11 kW charging power), which decrease if commuters or 

 
11 Kilowatt peak (kWp) is used to describe the peak power output of the system. 

12 A publicly available calculator for V2H potential for the case of Germany can be found here: https://v2h.ffe.de/home 
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smaller batteries are considered and increase when considering other markets such as intraday trading 

or higher charging capacities up until more than 1,200 EUR/year combining trades at different spot 

markets. Moreover, these revenues also strongly depend on regulation (e.g. regarding taxes and levies) 

and price volatilities. A field trial at the EUREF-campus together with The Mobility House results in 

revenues of around EUR600 per year and EV already today (intraday trading), and simulations suggest 

a potential of even around EUR1,500 per year and EV (73 kWh battery, 11 kW charging power). For the 

UK, the Sciurus trial has identified around EUR380 per year and EV as realistic in the case of arbitrage 

(intraday trading), which can result in around EUR800 per year and EV when combined with automatic 

Frequency Restoration Reserve (aFRR), i.e. secondary control reserve—and can even be higher due to 

the specific conditions of COVID-19 during the trial period [24]. A future cost-optimised energy system 

will include around 30% of bidirectional electric vehicles, with variations across different member states 

[20].  

As a conclusion of the literature overview, revenues for bidirectional charging can be substantial for 

EV users and can differ according to the considered use case. Revenues from use case that induce 

electricity back in the household or in the building (V2H) range from EUR150 per EV and year to 

EUR400 per year and vehicle (and are not very sensitive to battery size). Higher revenues are estimated 

in literature from use cases providing electricity back to power markets for arbitrage trading (V2G) that 

can reach more than 1000 EUR per year and vehicle. Here, revenues are highly dependent on price 

expectations on day-ahead and intraday power markets and regulatory conditions on fiscal and non-

fiscal charges for electricity. With low numbers of electric cars participating in arbitrage trading, im-

pacts on power price are neglectable, but would increase with higher shares.      

For medium and heavy-duty vehicles, considerable revenues for different V2X services are found, as 

recent studies in the field indicate. Similar to electric cars, the revenues differ according to bidirectional 

charging use cases. If electricity is induced back into the grid (V2G), relevant revenues can be generated 

in the reserve market or with arbitrage.  

A study conducted by Daimler and TenneT, focusing on the ancillary services in Germany, finds a max-

imum possible reduction of 3-7.5 EURct/kWh13 for the total cost of ownership (TCO) in the case of a 

line haul 2 truck (i.e. a one-shot drive from depot to depot or a special delivery with return trip) and 

aFRR; frequency containment reserve (FCR), i.e. primary control reserve, would result in a reduction of 

1-2 EURct/kWh [25] TCO. Other use cases of medium and heavy-duty vehicles such as buses and other 

trip configurations also result in TCO reductions but to a smaller extent. For depot charging (30 BETs, 

with 30% 250 kWh battery and 70% 500 kWh battery, 100 kW max. charging power) and based on 

real-life data, a recently published study calculates savings of EUR3,000-10,000 per year and BET14, 

resulting from a combination of the different use cases self-consumption optimisation, peak shaving, 

tariff-optimised charging and arbitrage trading [26]. 

2.3 Barriers for V2X adoption 

Despite these socio-techno-economic potentials, V2X has not been widely deployed and is mostly still 

in a trial stage. Technical and social challenges still hamper widespread V2X adoption in Europe and 

beyond. In addition, the regulatory environment sets the boundary conditions for V2X deployment; 

regulatory aspects differ between countries and can either represent a barrier or driver for V2X de-

ployment. Hence, this section highlights selected technical and social barriers. The regulatory environ-

ment will be discussed in more detail in Section 2.4—on a European level as well as in the focus coun-

tries. 

 
13 relating to 2020 and 2021 prices, respectively 

14 relating to 2021 and 2022 costs and prices, respectively 
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Technical barriers consist of the uncertainties around the technical potential of V2X (see also Section 

2.2) and its potential effect for distribution grid reinforcements deferral and mitigation. In addition, 

and related, also the future flexibility supply from other technologies is highly uncertain, in particular 

in distribution grids. Battery degradation caused by V2X has often been perceived as a technical chal-

lenge and studies in this field have emphasised the uncertainties [27, 28]. Recent studies and simula-

tions show that V2X does not substantially increase battery degradation, that capacity losses could 

even be reduced compared to conventional (uncontrolled) charging, and that lifetime may even be 

extended [29].  

Social barriers have been studied less extensively than technical barriers [30]. One of the most critical 

aspects to leverage the technical potential of V2X is the willingness of the EV users to participate in 

controlled and bidirectional charging [19, 31], which can be incentivised by appropriate tariffs. Hence, 

several recent studies have investigated the acceptance of EV users of different smart and bidirectional 

charging tariffs. They find, for example, that remuneration or savings are typically the most important 

aspect for EV users [32, 33] and that a substantial number of users also wants to have control over the 

charging process [33]. Survey results of a recent study indicate that requirements regarding data shar-

ing and range anxiety might also present potential barriers for the adoption of V2X [33]. This, together 

with generally little knowledge about V2X and how the system works [3], calls for more education and 

information transparency. In addition, the plug-in rate of EV users as well as the option to interfere 

with the charging processes, e.g. via an intermediate charge button, might also hamper harnessing the 

V2X potential [3]. 

Many of the persisting barriers directly relate to economic barriers. For example, uncertainties in flex-

ibility supply and its remuneration (e.g. because of volatile markets at transmission grid level or non-

existing markets on distribution grid level), unfavourable regulation (see Section 2.4) as well as uncer-

tain consumer acceptance make it difficult to calculate economic benefits and lead to a high degree 

of uncertainty in business models. 

2.4 Regulatory environment 

The feasibility as well as the benefits of V2X are strongly affected by the regulatory environment. Key 

aspects to be considered are the general rules of the electricity market and how demand side flexibility 

in general and V2X in particular are included in the electricity market. Charging infrastructure targets 

and specified technical requirements as well as tariff and taxation structures define further regulatory 

conditions that influence the implementation of V2X concepts. Relevant regulation can be found both 

at EU level and in the individual member states. While we briefly summarise relevant aspects of regu-

lation on EU-level, we also focus on the selected countries and their regulatory structure with reference 

to V2X. 

On the EU level, the internal electricity market directive, the EU’s Directive on the common rules for 

the internal market for electricity (2019/944) and Regulation (EU 2019/943), establishes common 

rules for the energy market. In addition to energy generation, transmission, distribution and storage, 

it contains several provisions for the development of demand side flexibility. It requires non-discrimi-

natory access to all electricity markets and full recognition of (independent) aggregators as market 

participants. In July 2024, the reform of the EU electricity market entered into force, which contains 

requirements for the Member States to set indicative national objectives for non-fossil flexibility, in-

cluding demand side response and energy storage and for system operators to propose peak-shaving 

products that result in a reduction of electricity demand to be activated in electricity price crisis situa-

tions. In addition, peak-shaving products that could also be applied under normal circumstances 

should be assessed [34]. 
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European Network Codes are a set of rules drafted by European Network of Transmission System 

Operators (ENTSO-E) to facilitate the harmonisation, integration and efficiency of the European elec-

tricity market. More details on the impacts of European Network Codes on the integration of V2X are 

summarised in Section 4.1.  

The Alternative Fuels Infrastructure Regulation (AFIR) regulates the deployment of recharging and 

refuelling stations across Europe, in particular for public and publicly accessible private charging infra-

structure. Implemented since mid-April 2024, the AFIR contains regulations regarding the payment 

system and the applicable tariffs as well as the technical requirements for EV charging stations—in 

addition to specific charging station deployment targets e.g. for cars, vans and heavy-duty vehicles. 

The AFIR requires member states to include bidirectional charging in their resource adequacy assess-

ments and mandates infrastructure deployment targets for EVs. 

Further regulations (can) have points of contact with V2X. The Renewable Energy Directive (RED) is 

the legal framework for the development of clean energy across all sectors. The revised directive (RED 

III) entered into force in November 2023 and includes the introduction of a credit mechanism for 

operators that supply public charging stations with renewable electricity [35]. Moreover, the Energy 

Performance of Buildings Directive (EPBD) promotes energy efficient and decarbonised buildings. 

A revision of the EPBD entered into force in May 2024 [36] Article 12 of this agreement contains spec-

ifications regarding intelligent (mandatory) and bidirectional (optional) charging as well as require-

ments for the protocols and standards to be used in compliance with AFIR [37]. Also relevant for V2X 

is the proposal for the revision of the Energy Taxation Directive (2003/96/EC) (ETD), including 

measures to prevent double taxation [38], which is currently stalled in Council.  

Despite the regulatory environment at EU level, individual member countries still differ substantially in 

their preparedness for V2X. We focus on the selected examples of Germany, France, Italy, Poland, the 

United Kingdom and Spain. Yet, the regulatory and market environments of other countries such as 

Sweden or Norway seem to be particularly favourable for V2X [12]. In the following, we summarise 

recent report from DNV, an independent assurance and risk management provider, on behalf of 

smartEn, the European business association for digital and decentralised energy solution [12], as well 

as from ACER, the European Union Agency for the Corporation of Energy Regulators [39], comple-

mented with further sources if indicated.  

Germany is one of the few countries to highlight the potentially important role of bidirectional charg-

ing in its planning strategies (i.e. in the charging infrastructure masterplan II [40], the Advisory Board 

of the National Centre for Charging Infrastructure has recently presented the recommendations for 

action to introduce bidirectional charging to the government [41]. While V2H use cases have hardly 

any regulatory barriers [20], V2G is hampered because, for example, mobile electricity storage systems 

are not yet exempted from (double) taxation, levies, surcharges and grid fees, lowering their economic 

attractiveness. Despite its strategic relevance, there is no legal framework for V2G to participate in 

wholesale electricity markets and Germany also lacks a market-based procurement of local flexibility 

that V2G could participate in. While dynamic tariffs are required for larger suppliers—and also for 

smaller ones starting in 2025—, most residential consumers still have static tariffs. In addition, emer-

gency measures protect consumers from price peaks, all disincentivising V2X. In addition, while net-

work charges only apply to the withdrawal charge, network tariffs are still almost entirely volume-

based (price structure is expected to change in 2025), disincentivising V2G. Moreover, Germany has a 

very low smart meter penetration (<1% in 2022, should be used nation-wide in households and busi-

nesses by 2032 [42]), and the German calibration law (“Eichrecht”) requires the re-certification of all 

meters for bidirectional charging. 

France still lacks a legal framework for V2X. Yet, avoiding double-taxation for charged and discharged 

energy has been agreed by the government and has started to be implemented for stationary storage. 

Consumers can choose between regulated and non-regulated tariffs, with regulated tariffs being the 



Potential of a full EV-power-system-integration in Europe 

Fraunhofer ISE & ISI  |  19 

 

most popular choice. While time-of-use (ToU) tariffs with specific tariffs containing high peak prices 

incentivise flexibilities, emergency measures protecting consumers from electricity price peaks (will be 

phased out in 2024) disincentivise V2X. In addition, France has capacity-based components in its net-

work tariffs potentially incentivising the efficient use of the network. Yet, network charges are applied 

for charging and discharging storage devices connected at transmission level; for storage connected 

at distribution-level, network charges only apply for discharging. V2G and other distributed energy 

resources are allowed to participate in wholesale and ancillary markets, and the first aggregator to 

provide V2G services was qualified in 2022. In addition, V2G is allowed to access local flexibility mar-

kets. Smart meters in France (rollout >90%) have local interfaces for data access by energy manage-

ment systems.  

Spain does not have specific V2X policies in place, but regulatory conditions favour V2X. V2G can 

participate in ancillary markets, but minimum bid size is 1 MW, potentially requiring an aggregator. 

There are no local flexibility markets for V2G to participate in. Spain is one of the few countries that 

has eliminated double charges already in 2020. Domestic customers can choose a dynamic electricity 

tariff, providing some incentive for V2X applications. The network tariffs in Spain consist of capacity 

and volumetric compounds and incentivise V2X. According to [39], network charges apply neither to 

injection nor to withdrawal charges for storage devices in Spain. Smart meters are rolled-out nation-

wide (nearly 100%) and are interoperable regarding data sharing at the central system layer. 

While Italy does not have explicit V2G policies in place, it has conducted some of the largest V2G trials, 

such as the Fiat-Chrysler V2G Project and the DrossOne V2G Parking Project [43]. Italy has removed 

double-taxation, improving the economic attractiveness of V2G. In Italy, variable energy prices are 

offered and represent a combination of fixed, ToU charges and nearly dynamic prices. The remunera-

tion of PV power is relatively low, which incentivises V2H. Demand-side response technologies, includ-

ing V2G, can participate in capacity markets as well as wholesale markets via aggregators (threshold 

10 MW). Regarding local flexibility markets, DSOs are allowed to conduct trials using local flexibility 

services. According to the Integrated Electricity Dispatching Act (TIDE), which enters into force in 2025, 

all resources incl. V2G will be allowed to provide flexibility services. According to [39], network charges 

apply neither to injection into nor to withdrawal from storage devices in Italy. Smart meters are rolled-

out nation-wide (nearly 100%) and Italy conducts proactive measures to adapt those smart meters that 

are not suitable for Energy Management Systems. 

Poland does not have V2X policies in place. In addition, the current Polish Energy Law would have to 

be changed for the implementation of a proposed V2G technology programme. The authors are not 

aware of ongoing V2X trials in Poland. ToU tariffs should be introduced in 2024, incentivising V2G. 

According to [39], network charges are energy- and power-based and apply only to energy withdrawal 

for storage devices. Participation of V2G in wholesale and balancing markets is currently not possible 

in Poland; there are no local flexibility markets. In addition to the relatively low smart meter roll-out 

(approximately 20%), the centralised data acquisition system does not support high-speed services 

requiring small sampling periods.  

In its EV Smart Charging Action Plan, the United Kingdom emphasises V2X, including the strategic 

target of reaching commercial deployment of bidirectional V2X [44]. The UK has a specific Vehicle-to-

X innovation programme” to address barriers to wide-scale deployment specific to this technology by 

2025” [44] and to identify, monitor and address barriers impeding V2X implementation. Yet, bidirec-

tional charging is not included in the currently valid smart charging legislation setting the requirements 

for the smart functionality of charging points. The UK is the country with the largest number of V2X 

trials [43]. One example is the Powerloop trial (see section 2.1), and the government has recently sup-

ported several new trials [45]. Consumers with specific meters can choose a ToU tariff, which is not 

very common yet. Dynamic tariffs are offered for industrial customers but are still scarce for residential 
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customers. High flexibility in electricity prices incentivises V2X. However, emergency measures pro-

tected consumers from price peaks, disincentivising V2X. Double taxation still occurs in the UK. Aggre-

gated assets behind-the-meter can participate in wholesale markets via so-called Virtual Lead Parties. 

While balancing markets are accessible for V2G in principle, some services have specific requirements 

that cannot be fulfilled by demand side response aggregators. Local flexibility markets have started to 

scale up; V2G can participate. Smart meter penetration is above 50% and new systems are required to 

be interoperable with energy management systems.  

Overall, the selected EU countries differ in their V2X-friendliness with regard to regulatory, policy and 

market considerations. For example, some of the considered countries stand out positively regarding 

the existence of V2X strategies and policies (e.g. Germany and the UK), others are rather favourable in 

terms of economic attractiveness due to the elimination of double taxation (e.g. Italy and Spain), again 

others allow for V2G participation in wholesale and balancing, as well as local flexibility markets (e.g. 

France and the UK). In addition, smart meter penetration is substantially higher in France, the UK and 

Spain than in the UK, Poland and Germany.  

 

 

 

 

V2X is currently in a testing phase in many countries in Europe, and first commercial trials can 

be seen. In recent years, industry has increasingly recognized the potential and started to de-

velop cars and charging points capable of bidirectional charging. Yet, many of the (announced) 

car models focus on V2L/V2H use cases, and the availability of cars that are capable of V2G is 

still scarce. Similarly, many of the announced bidirectional wallboxes are not available yet.  

 

Previous work shows that V2X can have several socio-technical-economic benefits, such as in-

creasing CO2 emission reductions, integrating high shares of renewable power production or 

peak shaving and grid relief. However, the extent of the positive effects depends strongly on 

the individual case, and a comparison of existing studies is only possible to a limited extent. 

Recent studies have identified substantial economic potential for users with revenues ranging 

between approximately EUR300-1,500 per car and year, and between approximately EUR3,000-

10,000 per truck and year in the case of depot charging. 

 

In addition to technical barriers and potential acceptance issues, the current regulatory, policy 

and market environment defers or impedes V2X deployment. Regulation on EU-level has in-

creasingly considered V2X, and recent regulatory revisions are conducive to V2X (e.g. the inter-

nal electricity market directive, the AFIR, the RED III, the EPBD and the ETD—once agreed 

upon). Yet, national law still must adapt accordingly in many cases. EU countries differ in their 

V2X-friendliness regarding regulatory, policy and market considerations.  
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3 Power system perspective: Bidirectional EV charging as flexibil-

ity resource in the EU power system 

Bidirectional charging promises benefits for the power system, since electrified vehicles can function 

as moving batteries and offer the possibility of better integrating fluctuating renewable energies. This 

section examines the effects of smart charging and V2G on the European energy supply system in a 

model-based scenario study and assess what benefits flexibility from V2G can bring. The analysis looks 

in detail also on country level, considering differences in renewable energy generation, in the portfolio 

of power plant capacity and in the structure of electricity demand.  

3.1 EV diffusion and future scenarios of V2G potential 

3.1.1 Modelling approach 

The analyses of the systemic effects of smart charging and V2G are carried out using a combination of 

the models ALADIN for the diffusion of cars, vans, light and heavy trucks with alternative drive systems 

and their load curves and Enertile for energy system development. The modelling approaches of both 

models are outlined below. 

3.1.1.1 Aladin 

ALADIN (Alternative automobiles diffusion and infrastructure) is a market diffusion model for alterna-

tive fuel vehicles. Using a utility maximization approach for passenger cars and a total cost of owner-

ship approach for vans, light and heavy trucks, it models the purchase decision of individual users in 

an agent-based simulation of real-world driving profiles to derive market shares of the different drive 

technologies for each simulated year, distinguishing different user groups and vehicle sizes. Annual 

new registrations are aggregated to a vehicle stock. Using large data sets for individual user driving 

behaviour, ALADIN provides both the energy demands required by different drive technologies in the 

vehicle stock in the simulated years and aggregated driving and load profiles for the EV fleet through-

out the year. This information is used as input parameters in the energy system cost minimisation of 

the Enertile model. 

3.1.1.2 Enertile 

The Enertile optimisation model is used to describe scenarios for the long-term transformation of the 

energy supply system in Europe. The aim of the optimisation is the cost-minimized, interlinked supply 

of electricity, heat and hydrogen in every hour of a year. For these three energy forms, Enertile takes 

the expansion and use of conversion, storage and transmission grid technologies into account. Costs 

considered include financing costs for investments in generation units and infrastructure (capital ex-

penditures) as well as operational costs like fuel costs and maintenance costs of generation units, 

storage and electricity, hydrogen and heating grids. 

The modelling covers the countries of the European Union as well as Norway, Switzerland and the 

United Kingdom. Central inputs include the techno-economic parameters of the modelled system 

components, fuel and CO2 prices. Political goals for CO2 reduction and development of renewable 

energies can be considered as political constraints. 
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3.1.2 Scenario framework 

The benefits of V2X are expected to increase in future energy systems. For the assessment of potential 

benefits of V2X, the development of the power system must be projected into the future up to 2050. 

To do this, the model calculations are based on assumptions and energy demand projections of the 

S2 scenario derived in the TransHyDe project. This fulfils the policy goal of a GHG-neutral scenario for 

Europe by 2050. Further details are given in [46]. The following sections outline the development of 

final energy demand across all sectors, describe the assumptions for electricity demand and the flexi-

bility potential of cars and trucks and define the scenario variants examined. 

3.1.2.1 Final energy demand  

Figure 2 shows the assumed development of final energy demands across the sectors industry, build-

ings and transport for the EU and the United Kingdom. Three interlinked developments can be ob-

served. Firstly, fossil energy forms are exiting the system. While they still dominated the final energy 

demand with a share of 67% in 2020, they complete a full phaseout by 2050. Secondly, the reduction 

of fossil energy is partly substituted through the use of electricity. The deployment of electricity occurs 

both directly in electrified end-uses and indirectly through electricity-based hydrogen and its deriva-

tives. In total, the final energy demand for electricity grows to 4,352 TWh, and the demand for elec-

tricity-based fuels increases to 2,396 TWh by 2050. Thirdly, electrification is accompanied by significant 

efficiency gains. Across all sectors, European final energy demand decreases by 4,205 TWh or 31% by 

2050. 

 

Figure 2:  Assumed final energy demands across sectors in the European Union and the 

United Kingdom [46]. 
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The high efficiency gains achieved through electrification occur to a large extent in road transport. In 

the underlying scenario of this study, a quasi-complete electrification of cars, vans, light and heavy 

trucks is assumed. 

 

Figure 3 shows the projected development of energy demand (left) in the EU 27 and country-specific 

electricity demand (right) for cars, light and heavy trucks and vans. The switch from combustion en-

gines to electric drives is the main factor causing the decline in energy demand in the EU 27 for cars 

from 1,964 TWh in 2020 to 340 TWh in 2050 and for trucks/vans from 1,098 TWh in 2020 to 418 TWh 

in 2050. The reduction in electricity demand by cars between 2040 and 2050 is based on the assump-

tion that a modal shift from cars to others forms of mobility takes place and that sufficiency leads to 

less driven kilometers in total. 
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Figure 3:  Assumed projections of energy demand (left) in the European Union and 

country-specific electricity demand (right) for cars, light and heavy trucks and 

vans [46]. 

3.1.2.2 Stock development 

The bar graph in Figure 4 illustrates the projected vehicle stocks for cars and trucks15 in the European 

Union EU 27 until 2050. The graph categorizes vehicles into three types: Battery electric vehicles (BEV), 

plug-in hybrid electric vehicles (PHEV) and others. It shows a strong increase in the stocks of BEVs for 

both cars and trucks. A share of 58 % of cars and 94 % of trucks including heavy and light trucks and 

vans is assumed to be equipped with batteries in 2040.  

 
15 Trucks include light and heavy duty vehicles.  



Potential of a full EV-power-system-integration in Europe 

Fraunhofer ISE & ISI  |  25 

 

 

Figure 4:  Assumed stock development of cars, light and heavy trucks and vans in the 

European Union [46].  

3.1.2.3 Flexibility options and constraints in the energy supply optimisa-

tion 

For the modelling analysis of the flexibility potential of bidirectional charging of passenger cars and 

electric trucks in the EU power system and in its Member States, the flexibility is defined by the follow-

ing parameters and assumptions. Based on these assumptions, the benefit of bidirectional charging to 

integrate renewable energy sources is calculated. 

Cars 

The power system model is used to optimise the supply-side to fulfil the electricity demand at lowest 

costs. Bidirectional charging of cars provides flexibility to the power system and is implemented as an 

additional option with three main characteristics: 

• All battery electric cars in a model region are aggregated into a mobile battery storage system. 

Driving cars is defined as an hourly, exogenous battery discharging process based on an ag-

gregated driving profile. 

• This battery storage system’s minimum and maximum state of charge (SOC) for each time step 

are determined based on real driving profiles and with two contrasting charging strategies. For 

the maximum SOC, cars are assumed to charge as quickly and as much as possible as soon as 

they are connected to a power source. For the minimum SOC, it is assumed that only a suffi-

cient amount is charged to complete the next journey(s) and that the battery is charged as late 

as possible, considering the following driving schedule and available charging options. 

• Hourly charging and system-beneficial discharging capacities are limited by the cars’ driving 

and parking times (Figure 5). 
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Figure 5:  Assumed hourly share of battery electric cars connected to the grid, parking, 

or driving for one week in 2030 and 2040. 

Trucks (light and heavy trucks, vans) 

The flexibility of electric trucks as an option in the power system model is implemented with the fol-

lowing main characteristics: 

• Only private slow charging of trucks (private, <44kW), defined in Speth and Plötz (2024), is 

available for flexible, bidirectional charging in the power system optimisation model [47]. All 

other charging processes are assumed to be uncontrolled. Figure 6 shows the assumed hourly 

distributions of driving and charging behaviour and normalised load curves prior to the system 

optimisation of battery electric trucks.  

• Based on Figure 6, we simplify by defining that bidirectional charging is only possible overnight 

between 5 p.m. and 5 a.m. 

• All trucks applicable to flexible (dis-)charging in a model region are aggregated into a virtual, 

mobile battery storage system. Truck driving is defined as an hourly, exogenous battery dis-

charging process based on an aggregated driving profile. 

• Hourly charging and system-beneficial discharging capacities are limited by the trucks’ driving 

and parking times (Figure 6). 
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Figure 6:  Assumed hourly driving and charging shares (top) and normalized load curves 

prior to the system optimisation (bottom) of battery electric trucks in 2030 

(left) and 2040 (right). Source: [47]. 

3.1.2.4 Scenario variants 

The benefits for bidirectional charging are calculated in 5 different scenarios with increasing shares 

of cars and trucks that could be used to provide flexibility. Results are derived for 2030 and 2040 

based on the electricity demand projections for cars and trucks from the TransHyDE S2 scenario (sec-

tion 3.1.2.1) and the assumptions on driving profiles and charging strategies (section 3.1.2.3), com-

paring results from the 5 scenario variants that differ in the penetration of vehicles able to charge in 

a controlled and bidirectional way. The starting point of the analysis is a reference scenario in which 

uncontrolled charging is assumed for both cars and trucks (see Table 3). In the Car I scenario, 25% in 

2030 and 35% in 2040 of electricity demand from cars are capable of smart charging and V2X in ac-

cordance with the BDL scenario in the FfE study [20]. In the Car II scenario, 50% of the electricity de-

mand of cars can be used for V2X and 84% (in 2030) resp. 72% (in 2040) for smart charging. The 

shares for smart charging and V2X in this scenario correspond to scenario Sen2 of the FfE study [20]. 
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It is assumed that trucks charge uncontrolledly in both scenarios. In the Truck scenario, it is assumed 

that only truck batteries are available for system flexibilization with 50% of their electricity demand. 

The shares of the energy volumes available for system-beneficial bidirectional charging are derived 

from energy volumes in Speth and Plötz (2024) that are drawn from private charging points <44 kW 

[47]. The Car II & Truck scenario combines the flexibility potentials of the Car II scenario and the 

Truck scenario. 

Table 3:  Scenario variants for share* of cars and trucks with smart charging and V2X 

capabilities for 2030 and 2040 

Scenario 

 

Reference Car I Car II Truck Car II & Truck 

Year 

 

2030 2040 2030 2040 2030 2040 2030 2040 2030 2040 

Cars Smart 

charge 

0% 0% 25% 35% 84% 72% 0% 0% 84% 72% 

 

V2X 0% 0% 25% 35% 50% 50% 0% 0% 50% 50% 

Light 

and 

Heavy 

Trucks, 

Vans 

Smart 

charge 

0% 0% 0% 0% 0% 0% 50% 55% 50% 55% 

V2X 0% 0% 0% 0% 0% 0% 50% 55% 50% 55% 

* Share is related to the energy demand of the vehicles (cars and trucks) that can be charged in a smart 

resp. bidirectional way. Optimization considers also driving profiles and battery restrictions. 

3.2 Impacts of bidirectional charging on power system and renewa-

ble integration 

The usage of flexibility from bidirectional charging allows the power system model to optimise the 

supply side and reduce the costs to fulfil the electricity demand. The investment in generation units is 

adapted and the operation of the units also change. Detailed results for the EU including Norway, 

Switzerland and UK and for single countries are modelled.  

3.2.1 Aggregate power system in the EU 

Figure 7 and Figure 8 show the modelled, joint electricity balances and electric capacities for the EU 

27 in the Reference scenario and their changes in the analysed scenario variants.  

The results of the Reference scenario reflect the effects of the progressive direct and indirect electrifi-

cation of applications in the energy demand sectors: electricity supply in Europe increases to over 

3,500 TWh in 2030 and to over 5,100 TWh in 2040. Renewable electricity generation technologies 

dominate the electricity mix in 2030 and increase their share until 2040. Onshore wind is the technol-

ogy with the highest electricity generation, contributing 1,083 TWh in 2030 and 1,924 TWh in 2040. PV 

has the second largest contribution to the electricity mix, with 740 TWh in 2030 and 1,223 TWh in 

2040. Due to the comparatively high costs, offshore wind is only expanded up to the exogenously 

specified minimum capacities of 71 GW in 2030 and 168 GW in 2040. It accounts for 277 TWh in 2030 

and 694 TWh in 2040 of European electricity generation in the model results. The highest electricity 

generation from remaining fossil sources originates from nuclear energy: 635 TWh in 2030 and 



Potential of a full EV-power-system-integration in Europe 

Fraunhofer ISE & ISI  |  29 

 

453 TWh in 2040. Gas and hydrogen power plants balance the electricity system in hours of high re-

sidual loads and jointly generate 173 TWh in 2030 and 97 TWh in 2040. The joint capacity of these 

backup power plants is 168 GW in 2030 and 200 GW in 2040. In the model results of the Reference 

scenario, stationary battery storage systems offer short-term flexibility and have volumes of 173 GWh 

in 2030 and 149 GWh in 2040. 

Four key effects can be observed in the European electricity system, as the flexibility offered by bidi-

rectional charging of cars increases. Firstly, optimisation extensively uses vehicle batteries and, partic-

ularly, V2X for system services. In the Car I (Car II) scenario, cars feed 47 TWh (124 TWh) back into the 

system in 2030. Compared with total electricity supply, this corresponds to a share of 1% (3%) in the 

Car I (Car II) scenario. In 2040, this figure increases to 339 TWh (519 TWh) or 6% (9%) in the Car I (Car II) 

scenario. Secondly, the mobile battery storages of electric vehicles are displacing alternative flexibility 

and storage options: 

• The volume of stationary battery storage decreases in the Car I (Car II) scenario to 72 GWh 

(12 GWh) in 2030 and 12 GWh (12 GWh) in 2040. 

• The capacity and deployment of flexible hydrogen technologies are reduced. In the Car I 

(Car II) scenario, the capacity of electrolysers decreases by 2 GW (8 GW) in 2030 and 54 GW 

(69 GW) in 2040; the capacity of hydrogen power plants in the Car I (Car II) scenario decreases 

by 8 GW (18 GW) in 2030 and 82 GW (108 GW) in 2040. 

• Concentrated solar power (CSP), the renewable power generation technology with integrated 

heat storage, is reduced by 5 GW (19 GW) in 2030 and 48 GW (61 GW) in 2040 in the Car I (Car 

II) scenario.  

Thirdly, in the renewable power generation portfolio, system optimisation swaps onshore wind for PV. 

While the PV capacity in the Car I (Car II) scenario increases to 694 GW (782 GW) in 2030 and 1,379 GW 

(1,556 GW) in 2040, the onshore wind capacity decreases to 429 GW (412 GW) in 2030 and 685 GW 

(651 GW) in 2040. The car batteries help to integrate high PV peaks. The provision of stored solar 

power in more hours displaces onshore wind feed-in. Lastly, the additional storage option by cars 

reduces the curtailment of renewable electricity in the Car I (Car II) scenario by 2 TWh (11 TWh) in 2030 

and 28 TWh (39 TWh) in 2040. 

The flexibility potential of light and heavy trucks and vans, as modelled in this study, changes the 

electricity generation only slightly. The electricity balances in the Truck scenario are very similar to 

those of the Reference Scenario. Furthermore, the electricity balance of the Car II & Truck scenario 

differs little from that of the Car II scenario. However, the truck batteries displace other flexible capac-

ities in 2040: Compared to the Reference scenario, the volume of stationary batteries in the truck sce-

nario decreases by 72 GWh, the capacity of hydrogen power plants by 21 GW and the capacity of 

electrolysers by 10 GW. 
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Figure 7:  Joint electricity balances and changes in the scenario variants for the EU 27 

 

 

Figure 8:  Electric capacities and changes in the scenario variants for the EU 27 
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3.2.2 Germany 

Figure 9 and Figure 10 show the electricity balance and electric capacities for Germany in the Reference 

scenario and their changes in the analysed scenario variants.  

The results of the Reference scenario reflect the effects of the progressive direct and indirect electrifi-

cation of applications in the energy demand sectors: electricity supply in Germany increases to over 

750 TWh in 2030 and to over 1,150 TWh in 2040. Renewable electricity generation technologies dom-

inate the electricity mix in 2030 and increase their share until 2040. Onshore wind is the technology 

with the highest electricity generation, contributing 285 TWh in 2030 and 386 TWh in 2040. PV has the 

second largest contribution to the electricity mix, with 203 TWh in 2030 and 361 TWh in 2040. Due to 

the comparatively high costs, offshore wind is only expanded up to the exogenously specified mini-

mum capacities of 30 GW in 2030 and 70 GW in 2040. It accounts for 123 TWh in 2030 and 308 TWh 

in 2040 of the German electricity generation in the model results. In this scenario, Germany imports a 

net 37 TWh of electricity in 2030 and 44 TWh in 2040. Gas and hydrogen power plants balance the 

electricity system in hours of high residual loads and jointly generate 59 TWh in 2030 and 45 TWh in 

2040. The joint capacity of these backup power plants is 34 GW in 2030 and 76 GW in 2040. In the 

model results of the Reference scenario, stationary battery storage systems offer short-term flexibility 

and have volumes of 83 GWh in 2030 and 12 GWh in 2040. 

Three key effects can be observed in the German electricity system, as the flexibility offered by bidi-

rectional charging of cars increases. Firstly, optimisation extensively uses vehicle batteries and, partic-

ularly V2X, for system services. In the Car I (Car II) scenario, cars feed 13 TWh (33 TWh) back into the 

system in 2030. Compared with the total electricity supply, this corresponds to a share of 2% (4%) in 

the Car I (Car II) scenario. In 2040, this figure increases to 62 TWh (82 TWh) or 5% (7%) in the Car I 

(Car II) scenario. Secondly, the mobile battery storages of electric vehicles are displacing alternative 

flexibility and storage options: 

• The volume of stationary battery storage decreases in the Car I (Car II) scenario to 38 GWh 

(12 GWh) in 2030 and 12 GWh (12 GWh) in 2040. 

• The capacity and deployment of flexible hydrogen technologies are reduced. In the Car I 

(Car II) scenario the capacity of electrolysers decreases by 1 GW (4 GW) in 2030 and 11 GW 

(15 GW) in 2040; the capacity of hydrogen power plants in the Car I (Car II) scenario decreases 

by 6 GW (11 GW) in 2030 and 51 GW (56 GW) in 2040. 

Thirdly, net electricity imports decrease in 2030 and increase in 2040. In 2030, net transfer capacities 

to neighbouring countries are fixed to the expansion plans in the Ten Year Network Development Plan 

(TYNDP) 2020 and national network expansion plans. Net imports decrease in the Car I (Car II) scenario 

by 1 TWh (8 TWh). In 2040, optimisation expands 0.3 GW (1.6 GW) less NTC, although net imports 

increase by 23 TWh (35 TWh) in the Car I (Car II) scenario. The increase in net imports is mainly due to 

a reduction in exports.  

As for the aggregate electricity balance of the EU, Norway, Switzerland and the UK, the flexibility po-

tential of trucks changes the German electricity generation only slightly. However, the truck batteries 

displace other flexible capacities. In 2030, the volume of stationary batteries in the truck scenario de-

creases by 12 GWh. In 2040, the capacity of electrolysers decreases by 10 GW compared to the Refer-

ence scenario. 
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Figure 9:  Electricity balances and their changes in the scenario variants for Germany. 

 

Figure 10:  Electric capacities and their changes in the scenario variants for Germany. 
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3.2.3 France 

Figure 11 and Figure 12 show the electricity balance and electric capacities for France in the reference 

scenario and their changes in the analysed scenario variants.  

The results of the Reference scenario reflect the effects of the progressive direct and indirect electrifi-

cation of applications in the energy demand sectors: electricity supply in France increases to over 

650 TWh in 2030 and to over 950 TWh in 2040. Nuclear power dominates the electricity mix in 2030. 

It provides about 400 TWh of electricity. Renewable electricity generation technologies become major 

electricity suppliers in 2040. Onshore wind is the technology with the highest renewable electricity 

generation, contributing 131 TWh in 2030 and 466 TWh in 2040. PV has the second largest contribu-

tion of fluctuating renewables to the electricity mix, with 43 TWh in 2030 and 184 TWh in 2040. Gas 

and hydrogen power plants have a minor role in this electricity system as backup power plants, gen-

erating less than 1 TWh of electricity each in 2030 and 2040. The joint capacity of these power plants 

is 4 GW in 2030 and 9 GW in 2040. In this scenario, France is a net exporter of electricity, totalling 

65 TWh in 2030 and 84 TWh in 2040. The optimisation does not use any stationary battery storage 

systems in France for these simulation years. 

Four key effects can be observed in the French electricity system, as the flexibility offered by bidirec-

tional charging of cars increases. Firstly, optimisation extensively uses vehicle batteries and particularly 

V2X for system services. In the Car I (Car II) scenario, cars feed 7 TWh (12 TWh) back into the system 

in 2030. Compared with the total electricity supply, this corresponds to a share of 1% (2%) in the Car I 

(Car II) scenario. In 2040, this figure increases to 53 TWh (64 TWh) or 5% (6%) in the Car I (Car II) sce-

nario. Secondly, the mobile battery storages of electric vehicles are displacing alternative flexibility and 

storage options: 

• The electricity generation of CSP plants decreases in the Car I and the Car II) scenario by 8 TWh 

in 2040. 

• The capacity and deployment of flexible hydrogen technologies are reduced. The capacity of 

electrolysers in 2040 decreases by 2 GW in the Car I scenario and by 14 GW in the Car II sce-

nario; the capacity of hydrogen power plants decreases by 7 GW in the Car I and the Car II 

scenario in 2040. 

Thirdly, there is a trade-off in the renewable electricity generation portfolio. On the one hand, PV 

capacity increases substantially in the Car I (Car II) scenario by 8 GW (20 GW) in 2030 and by 64 GW 

(54 GW) in 2040. On the other hand, onshore wind capacity decreases in the Car I (Car II) scenario by 

2 GW (6 GW) in 2030 and by 0 GW (8 GW) in 2040. Lastly, there is an increase in electricity exports to 

other European countries. Net exports in the Car I (Car II) scenario increase by 4 TWh (10 TWh) in 2030 

and by 29 TWh (20 TWh) in 2040. 
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Figure 11:  Electricity balances and their changes in the scenario variants for France. 

 

Figure 12:  Electric capacities and their changes in the scenario variants for France. 
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3.2.4 Spain 

Figure 13 and Figure 14 show the electricity balance and electric capacities for Spain in the reference 

scenario and their changes in the analysed scenario variants.  

The results of the Reference scenario reflect the effects of the progressive direct and indirect electrifi-

cation of applications in the energy demand sectors: electricity supply in Spain increases to over 

320 TWh in 2030 and to over 450 TWh in 2040. Renewable electricity generation technologies domi-

nate the electricity mix in 2030 and increase their share until 2040. Solar power technologies show the 

highest electricity generation, contributing 177 TWh in 2030 and 317 TWh in 2040. In the Reference 

scenario, in addition to PV, CSP particularly contributes to the electricity mix. CSP generates 87 TWh 

in 2030 and 205 TWh in 2040. Onshore wind makes the third largest contribution of fluctuating re-

newables to the electricity mix, with 78 TWh in 2030 and 102 TWh in 2040. In 2030, the highest elec-

tricity generation from other sources than wind and solar originates from nuclear energy providing 

21 TWh. Gas and hydrogen power plants have a minor role in this electricity system as backup power 

plants, generating less than 3 TWh of electricity each in 2030 and 2040. The joint capacity of these 

power plants is 23 GW in 2030 and 21 GW in 2040. In this scenario, France is a net exporter of electricity 

totalling 11 TWh in 2030 and 32 TWh in 2040. The optimisation does not use any stationary battery 

storage systems in France for these simulation years. 

Three key effects can be observed in Spain’s electricity system, as the flexibility offered by the bidirec-

tional charging of cars increases. Firstly, optimisation extensively uses vehicle batteries and, particu-

larly, V2X for system services. In the Car I (Car II) scenario, cars feed 4 TWh (15 TWh) back into the 

system in 2030. Compared with the total electricity supply, this corresponds to a share of 1% (5%) in 

the Car I (Car II) scenario. In 2040, this figure increases to 50 TWh (98 TWh) or 10% (18%) in the Car I 

(Car II) scenario. Secondly, the mobile battery storages of electric vehicles allow a trade-off in the re-

newable electricity generation portfolio between CSP and PV. On the one hand, PV capacity increases 

substantially in the Car I (Car II) scenario by 9 GW (24 GW) in 2030 and by 78 GW (139 GW) in 2040. 

On the other hand, CSP capacity decreases in the Car I (Car II) scenario by 4 GW (13 GW) in 2030 and 

by 32 GW (45 GW) in 2040. Thirdly, net exports decrease in the Car I (Car II) scenario by 4 TWh 

(15 TWh) in 2030 and by 25 TWh (13 TWh) in 2040. 

As for the aggregate electricity balance of the EU, Norway, Switzerland and the UK, the flexibility po-

tential of trucks changes the Spanish electricity generation only slightly: For bidirectional charging of 

cars, there is a trade-off between CSP and PV. The PV capacity increases in the Truck scenario by 2 GW 

in 2030 and by 6 GW in 2040. The CSP capacity decreases in the Truck scenario by 1 GW in 2030 and 

by 3 GW in 2040. 
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Figure 13:  Electricity balances and their changes in the scenario variants for Spain. 

 

Figure 14:  Electric capacities and their changes in the scenario variants for Spain. 
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3.2.5 Italy 

Figure 15 and Figure 16 show the electricity balance and electric capacities for Italy in the reference 

scenario and their changes in the analysed scenario variants.  

The results of the reference scenario reflect the effects of the progressive direct and indirect electrifi-

cation of applications in the energy demand sectors: electricity supply in Italy increases to over 

400 TWh in 2030 and to over 550 TWh in 2040. Renewable electricity generation technologies domi-

nate the electricity mix in 2030 and increase their share until 2040. PV shows the highest electricity 

generation, contributing 159 TWh in 2030 and 260 TWh in 2040. Onshore wind has the second largest 

contribution of fluctuating renewables to the electricity mix, with 97 TWh in 2030 and 2040. In this 

scenario, Italy imports a net 17 TWh of electricity in 2030 and 42 TWh in 2040. Gas and hydrogen 

power plants balance the electricity system in hours of high residual loads and jointly generate 29 TWh 

in 2030 and 23 TWh in 2040. The joint capacity of these backup power plants is 39 GW in 2030 and 

28 GW in 2040. In the model results of the Reference scenario, stationary battery storage systems offer 

short-term flexibility and have volumes of 53 GWh in 2030 and 119 GWh in 2040. 

Three key effects can be observed in the Italian electricity system, as the flexibility offered by bidirec-

tional charging of cars increases. Firstly, optimisation extensively uses vehicle batteries and, particu-

larly, V2X for system services. In the Car I (Car II) scenario, cars feed 7 TWh (23 TWh) back into the 

system in 2030. Compared with the total electricity supply, this corresponds to a share of 2% (6%) in 

the Car I (Car II) scenario. In 2040, this figure increases to 65 TWh (120 TWh) or 12% (18%) in the Car I 

(Car II) scenario. Secondly, the mobile battery storages of electric vehicles displace stationary batteries. 

The volume of stationary battery storage decreases in the Car I (Car II) scenario to 15 GWh (0 GWh) in 

2030 and 0 GWh (0 GWh) in 2040. Thirdly, PV capacity increases substantially in the Car II scenario by 

21 GW in 2030 and by 94 GW in 2040. Thirdly, net electricity imports decrease in 2040 in the Car I 

(Car II) scenario by 8 TWh (36 TWh).  

In the Truck scenario, the Italian electricity generation does not change compared to the Reference 

scenario in 2030. In 2040, the flexibility potential of trucks decreases the capacities of PV by 17 GW 

and of stationary batteries by 57 GWh.  
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Figure 15:  Electricity balances and their changes in the scenario variants for Italy. 

 

Figure 16:  Electric capacities and their changes in the scenario variants for Italy. 
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3.2.6 Poland 

Figure 17 and Figure 18 show the electricity balance and electric capacities for Poland in the Reference 

scenario and their changes in the analysed scenario variants.  

The results of the Reference scenario reflect the effects of the progressive direct and indirect electrifi-

cation of applications in the energy demand sectors: electricity supply in Poland increases to over 

230 TWh in 2030 and to over 350 TWh in 2040. Renewable electricity generation technologies domi-

nate the electricity mix in 2030 and increase their share until 2040. Onshore shows the highest elec-

tricity generation, contributing 122 TWh in 2030 and 218 TWh in 2040. PV has the second largest con-

tribution of fluctuating renewables to the electricity mix, with 54 TWh in 2030 and 59 TWh in 2040. In 

this scenario, Poland imports a net 26 TWh of electricity in 2040; in 2030, Poland’s net trading is bal-

anced. Based on existing plans, Poland will begin nuclear power generation by 2033 and, therefore, 

shows in this scenario an electricity generation of 36 TWh in nuclear power plants in 2040. Gas and 

hydrogen power plants balance the electricity system in hours of high residual loads and jointly gen-

erate 29 TWh in 2030 and 7 TWh in 2040. The joint capacity of these backup power plants is 12 GW in 

2030 and 15 GW in 2040. In the model results of the Reference scenario, stationary battery storage 

systems offer short-term flexibility and have volumes of 18 GWh in 2030 and 0 GWh in 2040. 

Three key effects can be observed in the Polish electricity system, as the flexibility offered by bidirec-

tional charging of cars increases. Firstly, optimisation extensively uses vehicle batteries and, particu-

larly, V2X for system services. In the Car I (Car II) scenario, cars feed 2 TWh (6 TWh) back into the system 

in 2030. Compared with total electricity supply, this corresponds to a share of 1% (2%) in the Car I 

(Car II) scenario. In 2040, this figure increases to 15 TWh (12 TWh) or 5% (4%) in the Car I (Car II) sce-

nario. Secondly, the mobile battery storages of electric vehicles are displacing alternative flexibility and 

storage options: 

• The volume of stationary battery storage decreases in the Car I (Car II) scenario to 15 GWh 

(0 GWh) in 2030 and 0 GWh (0 GWh) in 2040. 

• The capacity and deployment of flexible hydrogen technologies are reduced in 2040. The ca-

pacity of electrolysers decreases by 10 GW in the Car I scenario and by 12 GW in the Car II 

scenario. The capacity of hydrogen power plants decreases by 10 GW in the Car I scenario and 

by 15 GW in the Car II scenario. 

Thirdly, there is a trade-off between electricity imports and electricity generation by onshore wind in 

2040. On the one hand, net electricity imports increase in the Car I scenario by 26 TWh and by 40 TWh 

in the Car II scenario in 2040. On the other hand, the onshore wind capacity in the Car I (Car II) scenario 

decreases by 22 GW (20 GW) resulting in 54 TWh (50 TWh) less electricity generation. 

The flexibility potential of trucks has slight impacts on the Polish power system. In 2030, the volume 

of stationary batteries in the truck scenario decreases by 3 GWh. In 2040, the capacity of electrolysers 

decreases by 2 GW, and the capacity of hydrogen power plants decreases by 6 GW compared to the 

Reference scenario. 
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Figure 17:  Electricity balances and their changes in the scenario variants for Poland. 

 

Figure 18:  Electric capacities and their changes in the scenario variants for Poland. 
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3.2.7 United Kingdom 

Figure 19 and Figure 20 show the electricity balance and electric capacities for the United Kingdom in 

the Reference scenario and their changes in the analysed scenario variants.  

The results of the Reference scenario reflect the effects of the progressive direct and indirect electrifi-

cation of applications in the energy demand sectors: electricity supply in the UK increases to over 

450 TWh in 2030 and to over 680 TWh in 2040. Renewable electricity generation technologies domi-

nate the electricity mix in 2030 and increase their share until 2040. Wind power technologies show the 

highest electricity generation, contributing 328 TWh in 2030 and 554 TWh in 2040. In the reference 

scenario, in addition to onshore wind, offshore wind contributes strongly to the electricity mix. Off-

shore wind generates 167 TWh in 2030 and 183 TWh in 2040. PV has the third largest contribution of 

fluctuating renewables to the electricity mix, with 30 TWh in 2030 and 63 TWh in 2040. In this scenario, 

the UK is a net exporter of electricity totalling 11 TWh in 2030 and 28 TWh in 2040. Gas and hydrogen 

power plants balance the electricity system in hours of high residual loads and jointly generate 16 TWh 

in 2030 and 4 TWh in 2040. The joint capacity of these backup power plants is 27 GW in 2030 and 

20 GW in 2040. The optimisation does not use any stationary battery storage systems in UK for these 

simulation years. 

Three key effects can be observed in the British electricity system, as the flexibility offered by bidirec-

tional charging of cars increases. Firstly, optimisation extensively uses vehicle batteries and, particu-

larly, V2X for system services. In the Car I (Car II) scenario, cars feed 6 TWh (6 TWh) back into the system 

in 2030. Compared with total electricity supply, this corresponds to a share of 1% (1%) in the Car I 

(Car II) scenario. In 2040 this figure increases to 22 TWh (19 TWh) or 3% (3%) in the Car I (Car II) sce-

nario. Secondly, the mobile battery storages of electric vehicles are displacing alternative flexibility and 

storage options: The capacity and deployment of flexible hydrogen technologies are reduced. In the 

Car I (Car II) scenario, the capacity of electrolysers decreases by 5 GW (10 GW) in 2030 and 16 GW 

(33 GW) in 2040; the capacity of hydrogen power plants in the Car I (Car II) scenario decreases by 

14 GW (14 GW) in 2040. 

Thirdly, there is a reduced expansion of renewable power technologies: 

• Onshore wind capacities are reduced by 8 GW (11 GW) in the Car I (Car II) scenario in 2030 and 

by 5 GW (19 GW) in 2040, 

• Offshore wind capacities are reduced by 0 GW (0 GW) in the Car I (Car II) scenario in 2030 and 

by 3 GW (3 GW) in 2040, 

• PV capacities are reduced by 5 GW (44 GW) in the Car I (Car II) scenario in 2040. 

The flexibility potential of trucks has almost no impact on British electricity generation. 
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Figure 19:  Electricity balances and their changes in the scenario variants for the United 

Kingdom. 

 

Figure 20:  Electric capacities and their changes in the scenario variants for the United 

Kingdom. 
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3.3 Exemplary deep dive electricity dispatch in Germany 2040 

 

 

Figure 21: Comparison of dispatch results in the German electricity system in the refer-

ence scenario (top) and the Car II & Truck scenario (bottom) for a winter (left) 

and a summer (right) week in 2040. 

Figure 21 shows the impact of car batteries on the dispatch in the German electricity system in 2040 

for a characteristic summer and winter week. To this end, the reference scenario is compared to the 

Car II & Truck scenario. 

The summer week is characterised by high and broad PV peaks with low wind feed-ins. In the reference 

scenario, these PV peaks are integrated, in particular, through the use of high electrolyser capacities, 

exports, the use of pumped storage power plants and electrical heat generation. In the Car II & Truck 

scenario, car batteries become the main user of PV power besides electrolysers. The vehicle batteries 

are used as system storage and shift the PV power to the evening and night. Compared to the Refer-

ence scenario, no hydrogen power plants need to run at night in this low-wind phase to cover the 

residual load, and imports from other European countries are reduced. 
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The winter week is characterised by small and narrow PV peaks, low wind feed-in in the middle of the 

week and increased electricity demand for heat generation. The comparison shows that the system-

friendly charging behaviour of electric vehicles in the Car II & Truck scenario differs considerably from 

the uncontrolled charging in the reference scenario. Even if barely any electricity is fed back into the 

grid from the vehicle batteries during this week, the use of hydrogen power plants, in particular, can 

be considerably reduced in the middle of the week. 

3.4 System costs and CO2 emissions 

Table 4 shows the absolute and relative changes in annual system cost for the different scenario vari-

ants compared to the reference scenario in 2030 resp. 2040. The costs include the fixed and variable 

annual costs of the installed and dispatched infrastructures for electricity, heat and hydrogen supply. 

When the installed capacity of a technology is increased—meaning investments are made in expand-

ing this capacity—fixed costs arise. These include the annualized investment along with fixed operating 

and maintenance costs (fixed O&M). For the hourly operation of the technologies, which involves gen-

erating electricity and heat, variable costs are incurred. These consist of fuel costs, CO2 costs and var-

iable operating and maintenance costs (variable O&M). Further system cost elements are financing 

costs for investments in electricity and hydrogen infrastructure and storage. Investments are allocated 

to the simulation years using the annuity method and an interest rate of 2%. In the systemic analyses 

within the Enertile model, no additional costs are assumed for bidirectional charging compared to 

uncontrolled charging. The cost reductions of the overall system, therefore, provide an indication of 

how much cost savings bidirectional charging may cause.  

The cost savings related to smart and bidirectional charging mainly arise due to reduced capital ex-

penditures in flexible generation capacity. In the reference scenario investments in hydrogen turbines 

and stationary batteries are done that could be partly avoided with bidirectional charging. Fuel savings 

and related fuel costs are another main measure reducing overall system costs. Usage of hydrogen 

and natural gas can be reduced while at the same time less renewable energy must be curtailed. Both 

effects lead to cost savings for the system. 

In both simulation years, the Car II & Truck scenario – with the highest flexibility potential from bidi-

rectional charging of cars and trucks – achieves the greatest cost reductions. Compared to the Refer-

ence scenario, system costs decrease by EUR9.7b (5.5%) in 2030 and by EUR22.2b (12.6%) in 2040. In 

the applied modelling approach, the contribution of cars is greater than that of trucks. The Car II sce-

nario, in which only cars can provide system flexibility, explains the majority of the cost reductions in 

the combined scenario with savings of EUR9.4b (5.3%) in 2030 and EUR21.3b (12.1%) in 2040. The 

Truck scenario, in which only trucks can charge bidirectionally, shows comparatively low-cost reduc-

tions of EUR0.7b (0.4%) in 2030 and EUR3.0b (1.7%) in 2040. The comparison of the Car I with the Car II 

scenario shows that higher car owner participation in bidirectional charging helps to support the sys-

tem. The system costs in the Car II scenario are EUR5.8b lower in 2030 and EUR6.6b lower in 2040 than 

in the Car I scenario.  
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Table 4:  Changes in annual system costs for the EU-27 (as covered by the energy sys-

tem model Enertile) of the scenario variants compared to the Reference sce-

nario. 

Year Scenario Cost delta (EUR) Cost delta (%) 

2030 Car II & Truck 9.7b -5.5% 

 Car II 9.4b -5.3% 

 Car I 3.6b -2.0% 

 Truck 0.7b -0.4% 

2040 Car II & Truck 22.2b -8.6% 

 Car II 21.3b -8.3% 

 Car I 14.7b -5.7% 

 Truck 3.0b -1.2% 

 

The system costs savings on country level are estimated based on total system costs in each country. 

Highest savings are realised in Germany with EUR3.7b in the Car II & Truck scenario in 2030 and 

EUR8.4b in 2040 (see Table 5). The other countries have lower total system costs in the reference 

scenario and therefore also the system costs savings are lower with EUR1.9b savings in France and 

EUR0.9b savings in Spain.  

Table 5:  Changes in annual system costs in Germany, France, Spain, Italy, Poland and 

UK in 2030 and 2040 compared to the Reference scenario. 

Year  Change in annual system costs in EUR 

 Scenario Germany France Spain Italy Poland UK 

2030 Car II & Truck 3.7b 1.9b 0.9b 1.6b 1.0b 1.2b 

 Car II 3.6b 1.9b 0.9b 1.5b 0.9b 1.2b 

 Car I 1.3b 0.7b 0.3b 0.6b 0.4b 0.4b 

 Truck 0.3b 0.1b 0.1b 0.1b 0.1b 0.1b 

2040 Car II & Truck 8.4b 4.4b 2.1b 3.6b 2.2b 2.7b 

 Car II 8.1b 4.2b 2.0b 3.5b 2.1b 2.6b 

 Car I 5.6b 2.9b 1.4b 2.4b 1.5b 1.8b 

 Truck 1.1b 0.6b 0.3b 0.5b 0.3b 0.4b 

The absolute and specific emissions of power generation in the EU decrease substantially until 2030 

and reach almost zero in 2040 (see Table 6). In 2030, the Reference and the Car I scenario have specific 

emissions of 19 g/kWh. The Car II scenario reduces emissions to 17 g/kWh. The Truck scenario main-

tains emissions at 19 g/kWh, and the combined Car II & Truck scenario has emissions at 17 g/kWh. By 

2040, all scenarios converge to a specific emission level of 2 g/kWh. 
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Table 6:  Absolute and specific emissions of power generation in the EU for 2030 and 

2040 

Year Scenario Specific emissions (g/kWh) Absolute emissions (Mt) 

2030 Reference 19 67 

 Car I 19 65 

 Car II 17 59 

 Truck 19 67 

 Car II & Truck 17 58 

2040 Reference 2 12 

 Car I 2 12 

 Car II 2 10 

 Truck 2 12 

 Car II & Truck 2 10 

The absolute emissions are highest in Germany with 18 Mt followed by Poland with 13 Mt in 2030 (see 

Table 7). Lowest absolute emissions occur in France with less than 1 Mt in 2030. Absolute emissions 

are reduced to less than 1 Mt in Germany and France until 2040. Highest emissions are in Italy with 8.5 

Mt in the reference scenario and 6.1 Mt in the Car II & Truck scenario in 2040. 

Table 7:  Absolute emissions of power generation in Germany, France, Spain, Italy, Po-

land and UK for 2030 and 2040 

Year  Absolute emissions (Mt) 

 Scenario Germany France Spain Italy Poland UK 

2030 Reference 18 0.4 1 10.3 13.0 5.9 

 Car I 18 0.3 1.1 10.1 12.6 5.3 

 Car II 18 0.2 1.3 7.8 11.1 4.7 

 Truck 18 0.3 1 10.4 12.9 5.9 

 Car II & Truck 18 0.2 1.3 7.7 10.9 4.7 

2040 Reference 0.1 0.2 0.75 8.5 0.1 1.3 

 Car I 0.6 0.2 1.3 7.6 0.3 1.2 

 Car II 0.3 0.1 1.4 6.4 0.2 1.2 

 Truck 0.1 0.2 0.8 8.6 0.1 1.3 

 Car II & Truck 0.3 0.1 1.3 6.1 0.1 1.1 
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Overall, the European electricity system is already largely decarbonised in the modelling results of the 

reference scenario. The option of improving the integration of fluctuating renewable electricity via 

vehicle batteries, therefore, has only minor positive impacts on the emissions balance of electricity 

generation. As shown above, the optimisation results tend to show cost reductions through the sub-

stitution of alternative flexibility options instead. 

 

 

 

 

The results of the cost minimisation of the European energy supply system show that bidirec-

tional car charging is an important flexibility and storage option for the electricity system. Uti-

lising vehicle batteries can substantially reduce the expansion of stationary batteries and 

backup power plants. Additionally, less flexible electrolysis capacity is required to integrate re-

newable peak power generation. The vehicle storage system is beneficial for integrating PV 

power. The strong interaction between bidirectional charging and PV explains why cars have a 

higher impact on the electricity system than trucks: Due to cars' longer idle times during the 

day, cars' battery storage is more available at times of high PV generation than trucks. Ne-

glecting higher costs for vehicle owners, the costs of the energy supply system can be reduced 

by up to 12.6% with the progressive use of bidirectional charging. 
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4 Grid system perspective: costs and savings from V2G 

Relevant benefits of V2G can be realized on system level, especially to integrate PV generation and 

reduce the need for back-up capacity from hydrogen and gas driven power plants (see chapter 3). 

Additional impacts are expected to the power grids (see chapter 2) and the question arises what is 

needed from grid operators to realise the potential. This section looks at the impacts of V2G from the 

perspective of electricity grids and summarises current European network codes with regard to electric 

vehicles and V2G in section 4.1 to find beneficial obligations and framework conditions for V2G. It then 

analyses the effects of various operational management strategies for electric vehicles and V2G on the 

low-voltage grids and the necessary grid expansion in section 4.2. It also analyses the question what 

grid extension costs occur and if V2G can also be used to reduce grid extension costs with a grid-

friendly charging behaviour.  

4.1 V2G in European network codes  

Grid operators are responsible for the connection of new consumers or generators and for the save 

operation of the grid. Main requirements and framework conditions for grid connections are defined 

in network codes to avoid that the grid is overloaded or destabilised. Consequently, network codes 

can hinder or foster the ramp-up of V2G in Europe. This section analyses how EV, including V2X, is 

considered within European network codes. Additionally, possible improvements of network codes to 

integrate EV and V2X are discussed. Initially, a more precise definition of grid connection and the 

purpose of establishing clear rules for grid connections is given:  

“Grid connection refers to establishing and maintaining a physical connection between the transmis-

sion and/or distribution grids and the grid users.  

Grid connection is a topic regulated by specific European network codes. These rules aim to develop 

a harmonised electricity grid connection regime, as well as efficient and secure operations. This is 

particularly important in view of the integration of an increasing share of sources of renewable energy 

in the system […] 

Three European network codes on grid connection have been developed: 

• The network code on requirements for grid connection of generators (RfG Regulation) estab-

lishes common standards that generators must respect to connect to the grid. 

• The network code on demand connection (DCC Regulation) sets up harmonised requirements 

that demand facilities must respect to connect to the grid.  

• The network code on requirements for grid connection of high voltage direct current systems 

(HVDC Regulation) covers the definition of harmonised standards for direct current (DC) con-

nections.” [48] 

In general, those European network codes are complementary. The first for generators, the second for 

loads and the last for HVDC connections. However, as loads and generators are complementary stor-

ages (EVs are considered within network codes as a special kind of storage) do not fit into that system. 

RfG Article 3 - Scope of application states:  

“2.   This Regulation shall not apply to: … 

(d) storage devices except for pump-storage power-generating modules in accordance 

with Article 6(2)”  
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A similar formulation is found in DCC Art 3, 2b. Hence, storages and with them EVs are not covered 

by European network codes, currently. To bridge this gap, ACER established the Grid Connection Eu-

ropean Stakeholder Committee (GC ESC). One of the working groups was tasked with the “Identifica-

tion of storage devices”. In their second phase, they focused more extensively on Electric Vehicles 

(EVs) [49]. Amongst others, the outcome of the second phase are seven policy recommendations of 

which two are relevant in the context of bidirectional charging:  

“6. Defining the list of the electrical charging parks under the scope of application of the DCC.  

So far as Electric Vehicles are concerned, a charging park (in particular V2G) would be treated as 

demand under DCC.  

7. Removing barriers and limitations for the classification of small electrical charging parks con-

cerning the RfG.  

Under RfG, the Expert Group considers electric vehicles (V2G) would be considered as a storage 

and hence treated in the same way as any other electricity storage module.” [49]() 

Taking that into account, ACER has published a policy paper [50] which describes three options of 

integrating EVs into the grid. The three options are shown in Figure 22.  

 

Figure 22:  Options to integrate electric vehicles into European network codes [50] 

Since it offers most benefits, ACER favours Option 1 (highlighted with a red frame in Figure 22). Option 

1 implies similar requirements for the grid connection of EV charging facilities all over Europe. Incor-

porating economies of scale could expedite the deployment of charging infrastructure, making it an 

effective strategy to promote the integration of electric vehicles (EVs) in Europe. However, this ap-

proach requires a political compromise, which might lead to a lengthy process. To facilitate the inte-

gration of EVs in Europe, it is crucial to accelerate this political process. 

4.2 Assessment of low voltage distribution grid cost savings from 

V2G 

In this section, the impact of V2G on grid expansion costs of low voltage distribution grids is assessed. 

It covers the methodology to calculate additional costs and savings for grid development, if V2G is 

implemented. The implementation is defined based on future projections for electricity demand and 

number of cars capable for V2G. Costs are derived by comparing different control strategies for charg-

ing EVs and for V2G. 
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4.2.1 Methodology 

4.2.1.1 Selecting representative grid structures 

Due to the similarities in the low voltage networks of different European countries and the availability 

of data for Germany, the representative networks for assessing grid cost savings with V2G were se-

lected from synthetic grids based on the German low voltage network. 

Based on the administrative boundaries of the VG250 database published by the German Federal 

Agency for Cartography and Geodesy [51], low-voltage grids were generated for all 11,110 German 

municipalities, totalling approximately 780,000 local grid stations and associated low-voltage grids. 

Since forecasting calculations for each grid would require significant time and computational re-

sources, efforts were made to group the grids into representative clusters and to perform calculations 

only for these resulting grids. 

In order to identify representative grids, eight key metrics (the line length of all cables in the grid, the 

installed transformer power, the number of connected loads, the number of inhabitants, the number 

of supplied buildings, the number of apartments, and the number of commercial units) were extracted 

from each individual low-voltage grid. These metrics were then clustered using a k-means algorithm. 

The k-means algorithm partitions the data into K clusters based on similarity of characteristics, where 

K is arbitrarily chosen. First, K centroids, called points, were randomly selected from the dataset, and 

the remaining points were assigned to a cluster based on their proximity to the nearest centroids. A 

new centroid was calculated from the data points of each cluster using a mean value calculation, and 

the assignment process was repeated until the centroids stabilised, the clusters remained unchanged, 

or a predetermined maximum number of iterations was reached. 

A higher number of cluster centres provides a better representation of the network population, but 

also increases the computational effort. The silhouette coefficient and the Calinski-Harabasz index 

(CHI) were used to determine the optimal number of cluster centres. 

The silhouette coefficient measures the difference between the mean distance of all points to their 

nearest cluster and the mean distance of the clusters to which they are assigned. It is normalised based 

on the number of points and the larger value between inner and outer cluster distances, with a maxi-

mum value of 1 indicating optimal cluster selection. 

The CHI calculates the ratio of dispersion between individual clusters and within a cluster. A higher CHI 

value indicates a well-chosen number of clusters. After analysing these metrics, the number of cluster 

centres was determined to be 35. 
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Figure 23:  Representative grids for German low-voltage grids  

Each cluster centre is assigned a weight based on the number of networks it represents. This weighting 

allows the newly calculated networks to be extrapolated to the entirety of Germany and facilitates the 

identification of expansion needs. 

4.2.1.2 Calculation of grid reinforcement measures 

For each cluster centre, after applying the scenario assumptions for future development of demand 

and supply (see section 4.2.2), the minimal expansion cost required to ensure a secure power supply 

are calculated. The model allows the following grid reinforcement measures: 

• Reinforce transformers, by either replacing them with transformers with a higher rated power 

and/or transformers with an onload tap changer, to account for voltage issues. 

• Reinforce cables by replacing them with a stronger type of cable. 

• Install new cables. 

The optimisation uses a genetic algorithm to find the best possible solution to meet the network plan-

ning principles. A special feature of all the grid calculations carried out is that annual time-series were 

used for all components instead of snap shots of critical situations, which is a common approach for 

network planning. In this common analysis worst case scenarios are considered, where two calculations 

are usually performed that consider demand side and generation side separately. For the demand side, 

it is calculated whether the grid can supply the expected load, for which simultaneity factors are used 

for all household loads and for all EV charging processes. No feed-in from PV systems is considered in 

this analysis. In the second calculation, only the supply side is considered to assess whether the grid is 

not overloaded with the expected feed-in of PV systems if loads are neglected.  

The use of annual time-series overcomes this shortcoming of the common planning approach and 

allows an adequate investigation of the behaviour of different EV control strategies. With the worst-
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case assumptions typically used for grid expansion calculations in common grid planning, it is not 

possible to examine the interaction of all components, as the load and feed-in cases are examined 

individually. So, the classic planning uses worst-case assumptions, whereas the methodology used 

here always depicts a realistic interaction of all components. One effect of this holistic approach is that 

the grid load in the load case is lower than with classical simultaneity factors, so that the resulting grid 

expansion costs may also be lower. The other effect is that analyses are carried out that make the 

interaction of components over time comprehensible (see section 4.2.3.2). 

4.2.1.3 Calculation of country results - Interpolation from German results  

Each network is classified into one of three categories according to its respective degree of urbanisa-

tion. This value is based on data published by Eurostat in 2018. [52] The categories are densely popu-

lated, medium density and thinly populated. By assigning the population figures of individual commu-

nities to one of the three categories, it is possible to compare infrastructure between different coun-

tries. Through normalisation of the values for Germany, it is possible to project the calculated results 

to other countries. The grid expansion costs and the respective material savings for each country are 

then estimated based on the urbanisation categories and in relation to the results in the respective 

urbanisation category of Germany. In three countries (Spain, UK and France), most inhabitants live in 

dense urbanisation areas, in two countries (Germany and Italy) most inhabitants live in intermediate 

urbanisation areas and in one country (Poland) most people live in thinly urbanisation areas (see Table 

10). 

Table 8:  Degree of urbanisation and total number of inhabitants for respective coun-

tries 

Inhabitants Germany  France Italy Poland Spain  UK  EU28 

Densely populated [M] 29.9 30.7 21.3 13.3 25.2 38.2 213.2 

Medium density [M] 34.2 13.3 28.8 11.3 15.3 23.4 158.5 

Thinly populated [M] 18.8 22.6 10.4 13.8 6.2 4.4 139.6 

Sum 82.8 66.6 60.5 38.4 46.7 66.0 511.2 

Based on the distribution of inhabitants, weight factors are derived to estimate results for the urbani-

sation areas for all countries based on the results for the urbanisation areas in Germany (see Table 9). 

Table 9:  Relative distribution of the population compared to Germany as a reference 

Inhabitants relative 

to Germany  
Germany   France  Italy  Poland  Spain   UK   

EU 28 

Densely populated 

[M] 
100% 103% 71% 45% 84% 128% 

714% 

Medium density [M] 100% 39% 84% 33% 45% 69% 464% 

Thinly populated [M] 100% 121% 55% 74% 33% 24% 744% 

Sum 3.0 2.6 2.1 1.5 1.6 2.2 19.2 
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4.2.2 Scenarios 

To draw up a forecast of grid expansion requirements, the synthetic grids must be generated with 

modified future time-series for load- and generation-curves. The profiles were generated with the 

synPRO Framework which is explained in section 5.1.1. The scenario assumptions follow the description 

in section 3.1. The Key technologies electric vehicles, heat pumps and rooftop PV that are relevant in 

low voltage grids increase their penetration substantially until 2030 and 2040, as shown in Table 10. 

Table 10:  Grid integration of key components in Germany for the years 2030 and 2040  

 2030 2040 

Mio. HP 4,3 10 

Mio. EV 14,1 30,7 

PV rooftop in GW 129 240 

The assumptions were transferred to the grids described in Table 10. For this purpose, a heat require-

ment was determined for each building to which a heat pump was allocated, depending on the number 

of inhabitants, the size of the building and its age. If there was a heating network in a particular loca-

tion, it was assumed that all heat was supplied by this network. The percentage of heat pumps was 

adjusted for locations without heat networks. 

The distribution of EVs is based on [53]. In order to be able to transfer the assumption for rooftop PV 

to individual grids, the total relevant building area in Germany was used to determine the target pen-

etration of PV systems. Within the grids, the systems were then randomly assigned to the roof ar-

eas.[54]. 

For the assessment of grid costs and savings from V2g, three different control strategies for EVs were 

implemented and analysed in the grid simulations: 

• No control strategy: Unidirectional charging, depending only on user behaviour.  

• Economically optimised bidirectional charging: If a car is plugged-in for charging, a controller 

optimises the cost to meet the required target SOC, while being able to benefit from a varying 

cost signal with bidirectional charging and discharging of the EV. 

• Grid-friendly bidirectional charging: A control strategy that assumes a monitoring of transformer 

loads and the DSO requesting bidirectional flexibility of all plugged in EVs. No price signal is 

used here. The controller ensures that the original target SOC when unplugging the EV remains 

the same. 

 

4.2.3 Grid reinforcement cost 

This section shows the results of the grid reinforcement costs for Germany and Europe, which have 

been obtained with the described methodology (section 4.2.1) for the described scenarios and control 

strategies. 

For Germany, the grid reinforcement costs for the low-voltage grids amount to a total of EUR10.75 

billion for the 2030 scenario to reinforce the current grid structure. This applies to the uncontrolled 

case of EVs. Both economically optimised and grid-friendly operation reduce the costs slightly to 

EUR10.47 billion and 10.32 billion respectively. The costs increase overall with decreasing population 

density. In densely and moderately populated areas, purely economically optimised operation man-

agement can slightly reduce the necessary grid expansion costs. In sparsely populated areas, grid-
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friendly operational management based on transformer load monitoring reduces costs by 0.43 billion 

euros. 

In the 2040 scenario, the costs for reinforcing the current grid structure in Germany rise to a total of 

EUR29 billion in the uncontrolled case. In general, the grid reinforcement increases more in densely 

populated and medium density regions compared to the 2030 scenario. Economically optimised EVs 

only slightly reduce costs in sparsely and densely populated areas, while costs increase in medium 

density regions. The grid friendly controlled EVs can slightly reduce the costs in all regions to a total 

of 27.27 billion euros: The reductions amount to 1.4% in densely populated areas, 7.5% in medium 

density regions and 6.6% in sparsely populated grids. 

 

 

Figure 24:  Grid expansion costs for different control strategies, arranged by population 

density in Germany for the years 2030 and 2040 

The grid expansion costs are calculated for the entire system. This means that conventional household 

loads and commercial loads are considered together with all the new components added according 

to the scenarios. The additional systems are EVs and heat pumps on the one hand and PV systems on 

the other hand. Each component has a time-series for the entire year, and their combined impact for 

each time step is calculated in a power flow calculation. If an overload or an unacceptable voltage 

deviation occurs, an optimisation is performed to determine measures to reinforce the grid. The figure 

above shows the costs for all systems in the grids and shows that different control strategies for bidi-

rectional EVs can have a beneficial impact on the required grid reinforcement. However, the figures do 

not show which components are responsible for the grid expansion. This is analysed in section 4.2.3.2. 

in more detail. 

    densely                medium               sparesely                 densely                medium               sparsely 

 populated               density               populated               populated              density               populated    
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4.2.3.1 Interpolated saving potentials for France, Italy, Poland, Spain and 

UK 

The sections above describe the development of the grid infrastructure in Germany. This section uses 

the German results on potential savings for the year 2040 and applies them to the EU respectively to 

France, Italy, Poland, Spain and the UK (see also the section 4.2.1.3). European results shown reduced 

grid expansion costs of EUR10m in 2040 due to gird friendly bidirectional charging (see Table 11 and 

Annex B for 2030 results). 

Table 11:  Savings of costs and material for grid expansion for EU 27 in 2040 due to grid 

friendly bidirectional charging 

 

Population 
density 

Reduced grid  
expansion /EUR 

Savings  
steel/kt 

Savings  
aluminium/kt 

Savings 
PVC/kt 

Reduced  
curtailment/GWh 

Dense  432m 1 4 3 6 

Intermediate 3,099m 12 33 20 2 

Thinly 6,253m 155 48 9 18 

Sum 9,784m 169 85 31 26 

 

Figure 25 illustrates the benefits of grid-friendly operation of bidirectional V2X for the specified sce-

nario in 2040 per country (see Annex B for results for 2030). The first row indicates a reduction in 

curtailment measured in GWh. This curtailment of PV feed-in was calculated as an alternative to grid 

expansion measures for uncontrolled EVs in grids that had originally been optimised for the case of 

grid-friendly EV control. The second row shows the potential reduction in PVC in kt. The third row 

highlights potential aluminium savings in kt. The fourth row details steel savings in kt. The fifth row 

presents an economic perspective, showing reduced investment in million EUR. In four out of the five 

rows, Germany exhibits the highest aggregate savings due to its larger population. France, however, 

shows a dominant reduction in curtailment, attributed to its significant proportion of thinly populated 

areas. Italy benefits particularly in the areas with medium population density, where grid-friendly op-

erations prevent investment in cables, primarily made of aluminium and PVC, leading to significant 

material savings in these components. Poland’s population is fairly evenly distributed across all sectors, 

making the sparsely populated areas the primary regions for potential savings due to the higher in-

vestment per inhabitant. The majority of Spain’s population resides in densely populated areas, yet the 

principal cost-saving potential lies in areas with medium density. The UK has an even higher proportion 

of its population in densely populated areas compared to Spain, resulting in a lower percentage of 

inhabitants in sparsely populated regions. Nevertheless, due to its larger total population, the UK ex-

hibits greater potential for cost savings. 
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Figure 25:  Reduced curtailment, material savings and reduced grid costs from V2G for 

France, Germany, Italy, Poland, Spain and UK in 2040 
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4.2.3.2 Analysis of time-series 

To understand the causes of the grid reinforcement costs described in section 4.2.3, on the one hand, 

and the effect of the assessed control strategies, on the other hand, this section examines an exemplary 

day of one example grid. 

Figure 26 shows the active power of all components in one grid in the upper part and the number of 

parked EVs in the lower part. This data is shown for a day in May in the 2040 scenario for default 

unidirectional charging. 

Horizontal bars at the top indicate time windows in which the allowed limits were exceeded: The red 

bar marks a period in which the maximum permissible voltage is exceeded at one point in the grid or 

more. Cable overloads are shown in a green bar and transformer overloads due to PV feed-in are 

shown in a yellow bar. 

The active power of PV systems is displayed as a positive time-series in grey, while the consumer side 

is negative. Profiles for households and commercial units are grouped as other loads in turquoise and 

the scenario drivers of heat pumps and EVs are shown separately. Heat pumps are shown in light blue, 

as they mainly heat during the night time. For EVs, the time-series for charging is displayed in dark 

blue with negative values, as it contributes to the load side, while discharging would be shown in 

orange, but as the uncontrolled charging does not provide an incentive for bidirectional use it is always 

zero here.  

The lower part of the plot shows that the number of parked EVs is higher during the night time than 

during daytime and, especially, than during normal working hours. The transformer of the example 

grid supplies a total of 38 EVs. 

It becomes evident that, in this case, grid reinforcement measures are required due to the high feed-

in of PV systems. The maximum feed-in power on this partly cloudy day far exceeds the maximum 

power of the load side. This specific grid shows a dominant voltage penalty of excessive voltages, 

which is an effect of the PV systems. The overloading of lines and transformers is also caused by their 

feed-in. 
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Figure 26:  Exemplary day with over voltages, line overloading and transformer overload-

ing in low voltage grid for uncontrolled charging 

In comparison, Figure 27 shows the same day for the same grid with the analysed economically opti-

mised EV charging. The profiles of PV feed-in and all loads except EVs are the same as in Figure 26. 

During nighttime, minimal discharging of EVs can be seen, while increased charging can be observed 

in the morning hours, when the PV feed-in ramps up. This behaviour slightly reduces the time penalty 

windows for over-voltages and line overloads. While these are clearly positive effects of the change in 

EV charging, the impact is rather small due to the dominant PV systems, so that the need for grid 

reinforcement is only slightly changed. 
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Figure 27:  Exemplary day with over voltages, line overloading and transformer over-

loading in low voltage grid for economically optimised bidirectional charging 

Finally, Figure 28 shows the same day with EVs explicitly controlled in a grid friendly manner. As de-

scribed in section 4.2.1.1 the analysed control strategy is based on transformer load monitoring. The 

yellow horizontal bar indicating transformer overload can be reduced to one time step in this example: 

The required flexibility of the EVs is shown in orange for discharging in the early morning hours, which 

facilitates the EVs that are plugged in during the peak of the PV feed-in to charge significantly more. 

In this example, the control strategy can mitigate the transformer overload, but it does not prevent it 

entirely. Furthermore, the control strategy does not explicitly address excessive voltage or line over-

load, but only inherently. In this example, the required grid reinforcement measures can be decreased, 

but again, not entirely prevented. 
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Figure 28: Exemplary day with over voltages, line overloading and transformer over-

loading in low voltage grid for grid friendly bidirectional charging 

The effects described are highly dependent on the individual topology and distribution of scenario 

drivers in low voltage grids. In some grids, the assessed controllers alone are sufficient to avoid all 

penalties, while, in more grids, a positive effect can be observed that reduces the required reinforce-

ment. For the solely economically optimised controller, the effect can be negative, but in the majority 

of cases it is positive or at least does no harm. 

 

The supply task of low-voltage grids is changing due to the increasing number of EVs. How-

ever, these only account for part of the changes, as both the heat transition due to the increas-

ing use of electrically powered heat pumps and the growing number of rooftop PV systems 

are having a major impact. Grid expansion costs are caused by all components in a grid. The 

interaction of the components was analysed using time-series based calculations. The grid ex-

pansion costs for Germany for 2030 amounted to EUR10.75 billion for uncontrolled EVs and to 

EUR29 billion for 2040. 

The impact of a dynamic price on grid expansion measures was investigated for an economi-

cally optimised operating mode of bidirectional EVs. The effects depend heavily on the individ-

ual grids but are slightly positive overall. A grid-friendly controller that monitors the trans-

former load can reduce costs more significantly, although the individual topology and distribu-

tion of the systems also have a strong influence here. 

The grid expansion costs and savings potential through modified EV operation strategies de-

pend on the population density. For 2040, the grid-friendly control reduces the expansion 

costs by 1.4% in densely populated areas, by 7.5% in medium density regions and by 6.6% in 

sparsely populated grids. On the basis of the population and the distribution of population 

densities, the values calculated for Germany were interpolated to France, Italy, Poland, Spain 

and UK. 
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5 User perspective: Cost benefit of smart and bidirectional 

charging 

After describing and quantifying the expected power system (Section 3) and the grid (Section 0) im-

pacts from bidirectional charging, this section takes a closer look at potential gains for users when 

applying smart unidirectional or bidirectional charging at home. A quantification of bidirectional 

charging is done for the V2H use case (see Section 5.1). To quantify the earnings, energy system sim-

ulations are conducted using the Fraunhofer synPRO framework. Besides the economic gains, addi-

tional costs for bidirectional chargers are considered together with costs for advanced and interoper-

able communication systems and additional costs related to battery degradation (Section 5.2). Profit-

ability is evaluated comparing costs and benefits for the V2H use case ((Section 5.3). 

5.1 Benefits for consumers through smart and bidirectional charging 

To quantify the economic benefits of bidirectional charging, various household load profiles and cor-

responding EV driving profiles were analysed for several European cities with individual PV generation 

and country-specific variable prices. We describe the modelling assumptions in the following section, 

followed by the simulation results. 

5.1.1 Scenario definition, input data and simulation setup 

Figure 29 shows the simulation setup. The central EV optimisation uses time-series data of EVs and 

household loads from the synPRO framework (upper part of Figure 29) together with price data (mid-

dle left part of the figure) and PV data (middle right part of Figure 29). Depending on the optimisation 

goal, the data is processed and optimised charging time-series are generated. In a post-processing 

step (lower part of Figure 29), an ageing model uses the optimised time-series to calculate battery 

ageing before the techno-economic evaluation is performed. The different models are described in 

the following sections. 
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Figure 29:  Simulation setup to assess user benefits 

 

Residential load profile (synPRO) 

Annual time-series data for the household loads are created by the synPRO residential module [55] for 

the following three different household categories: 

1) Single teleworker 

2) Two fulltime office workers 

3) Family (with 2 adults and 2 children, one adult full time office worker) 

Figure 30 shows the specific load patterns for the mean day (left) and the monthly energy demand 

(right). The mean day plot shows that the teleworker has the highest energy demand during the work-

ing hours, while the two fulltime workers have the highest demand in the afternoon. The pattern of 

the family is characterised by a lunchtime and evening peak. The total annual energy demand for the 

family is 3,970 kWh, followed by the two full-time workers with 2,150 kWh and the teleworker with 

1,810 kWh. 
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Figure 30:  Mean day household load (left), including the mean lines and 25% and 75% 

quantiles of the data (shading) and monthly household energy demand (right) 

for three household types. 

 

EV load profile (synPRO) 

The synPRO EV module [56] generates time-series data for an uncontrolled charging of EVs, together 

with trip information data specifying when and where EVs are parked and connected. For this study, 

the focus is on residential parking locations. Two different types of EVs were generated for each house-

hold type. A small EV with a 40-kWh battery and a large EV with a 100-kWh battery are considered. 

The respective driving patterns are based on socio-economic factors, assuming that large EVs are used 

more frequently and for longer distances, and therefore, have a higher total energy demand. This 

means that for each socio-economic factor, a high and a low power consumption with a large and a 

small battery is analysed. Figure 31 (left) shows the connection probability of an EV during the different 

hours of the day for the different household categories. The probability for a teleworker is significantly 

higher at midday than for a fulltime office worker, and therefore the potential for PV harvesting is 

higher. 

  

Figure 31:  Probability of EV connection (left) and annually charging demand (right) for 

the three household types for an EV with a 40 kWh and a 100-kWh battery. 
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Variable household electricity prices 

Based on the Fraunhofer energy charts, annual day ahead price data in their specific bidding zones 

have been obtained for the following 6 countries: 

• Germany • France • Italy 

• United Kingdom (UK) • Spain • Poland 

The day ahead price for 2022 has been used via transferring the price pattern to the end user, while 

the total annual electricity bill in the specific country is not changed. Thus, a household with a constant 

load throughout the year would end up with the same bill using the variable price or a static price, 

while a household that consumes energy during low price windows would pay less. Figure 32 shows 

the price patterns for a random week in July and the mean day pattern. Only a part of the prices is 

variable, the static share of taxes and levies for the countries are as followed: France: 23%, Germany 

36%, Italy 13%, Poland 38%, Spain 14% and UK 32%16. No sensitivity analysis on the prices is con-

ducted, but higher taxes and levies would not affect the price optimization and the economic gains in 

this case. In the PV case, the economics would be positively influences. For the price optimization only 

the spread on the stock market is relevant. It will probably rise in the future with more fluctuating 

generation.  

  

Figure 32:  Exemplary week (left) and mean day (right) plot for fictional end user prices in 

different European countries17.  

  

 
16 Calculated based on Eurostat data for 2022 (and 2019 for UK): https://ec.europa.eu/eurostat/databrowser/view/nrg_pc_204/default/table?lang=en 

17 The day ahead price characteristics in the national bidding zones was mapped on the average national residential electricity prices including fiscal 

charges. 
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PV input data 

PV input data for each country was taken from Renewable.ninja, using the capitals of the six countries 

considered to determine radiation data. We also used the year 2022 for the price data. The installed 

PV capacity was set to 8 kWp for the family, 6 kWp for the two fulltime workers and 4 kWp for the 

teleworker. Figure 33 shows the mean day plots: the different PV potentials for different installed ca-

pacities (left) and different solar radiation (right). All data have been transformed to UTC time. The 

load curves in the right figure are used as a reference. Only one pair of aggregated loads has been 

inserted, belonging to the Berlin PV curve. However, in the simulation, the same load characteristics 

are converted to regional time so that the PV and load patterns match. 

  

Figure 33:  Mean day PV production for Berlin with the household types (left). Mean day 

production for an 8 kWp PV plant in different regions, together with the ag-

gregated load (household appliances + uncontrolled EV) of the family 

(right)18.  

Optimisation Scenarios 

Within the optimisation, the following V2H scenarios were simulated: 

• Baseline: Upon arrival, the EV is charged with maximum power until the target SOC is reached. 

• PV optimised: 

• Unidirectional: The EV is preferably charged with the available PV power. If the PV power is 

not sufficient to achieve the target SOC, the remaining energy is charged from the grid.  

• Bidirectional: The EV is charged with as much PV power as possible whenever available and 

is discharged to supply household appliances, when possible, while still ensuring the target 

SOC upon departure with the highest possible solar energy mix within the battery. 

• Price optimised: 

• Unidirectional: The EV is charged when household electricity prices are lowest. 

• Bidirectional: The EV is used to charge electricity during low price periods to later supply 

household appliances if the price spread is high enough to compensate for the charging/dis-

charging losses. Otherwise, the EV is charged during the low-price periods to meet the target 

SOC. Trading back to the market is not considered. 

• PV and Price optimised (uni- & bidirectional): A mixture of the scenarios PV and Price opti-

mised, PV is considered to have zero cost. 

  

 
18 Shaded areas represent the 25 % and 75 % data quantile. (All data in UTC time) 
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Battery Ageing model 

In a post-processing step, the resulting EV charging time-series are used as input data for an ageing 

model that determines the battery lifetime based on both cycling and calendar ageing.  

Cycling and calendar ageing models are used to analyse ageing of LFP (Lithium Iron Phosphate) battery 

chemistry. Key parameters affecting ageing, such as average SOC, standard deviation of SOC and total 

energy throughput, are considered. The assumption of constant temperature over time facilitates the 

calculation of ageing values for each scenario. A detailed description can be found in the annex 

5.1.2 Electricity cost savings from V2H applications for EV users 

In this section, we show the simulation results for the three household types in the selected countries 

with specific PV production and country-specific price data. The results are shown for a price and a 

PV-optimised case and consider a uni- and a bidirectional charging controller. The combination of 

price and PV-optimisation is also analysed, and all cases are compared against the baseline without 

optimising the charging process.  

Charging behaviour of different control strategies 

Figure 34 shows the load profiles of the EV, the PV power plant and the residence (i.e. house), as well 

as the electricity price, in the baseline and three exemplary bidirectional charging schedules for the 

family scenario. While the baseline charging initiates immediately upon arrival, the remaining three 

bidirectional charging schedules are outcomes derived from their respective optimisation problems. It 

is noticeable that, in the “PV optimised” case, only a small fraction of the residual load can be met by 

the EV. This limitation arises because the end of the parking time coincides closely with a surge in PV 

production. In the “price optimised” case, a significant fraction of the residual load is covered by the 

EV, as it leverages the ensuing price drop by charging at maximum power. The combined case “PV and 

price optimised” exploits both the price drop and the brief period of PV production occurring at the 

end of the parking period. Additionally, the PV production at the beginning of the parking time is 

harnessed, resulting in a reduction of the charging power adjusted to the PV production compared to 

the pure “price optimised” case. This can be explained by the existence of low prices during this period. 

The energy generated from PV is assumed to be used at zero cost.  
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Figure 34:  Exemplary bidirectional charging profile of the “family” scenario for the 

“baseline” and the three optimisation cases “PV optimised”, “price optimised” 

and “PV and price optimised” for the 14th-15th July19.  

 

Cost savings due to self-consumption and variable electricity prices 

Figure 35 visualizes the economic benefit20 of unidirectional charging for different household types 

in different countries. Benefits are shown as total electricity costs but exclude PV and EV costs. Addi-

tional costs of BEVs with and without bidi charging capacities, together with the costs for EMS, is part 

of the cost-benefit analysis chapter (see 5.3). 

The highest electricity bill reduction can be achieved with a mixed PV- and price-optimised controller 

for a single teleworker in Italy with 41% reduced costs (=EUR300). The impact of PV-optimised charg-

ing is the main source of cost reduction. For the PV-optimised scenario in Germany, the reduction 

achieved for a single teleworker is 31%, while an optimisation based on day-ahead prices only achieves 

a cost reduction of 12%. The combined scenario achieves a cost reduction of 36%. As on-site PV energy 

is assumed to be consumed at zero cost, while the day-ahead price is almost always above zero, PV 

consumption is always prioritised. In addition, there is a strong correlation between high PV generation 

and low day-ahead prices, which means that the lowest day-ahead prices reflected in the variable end-

user tariff are unlikely to be exploited by the combined controller. However, as there are no additional 

costs, apart from the development of a more sophisticated controller, this control method should be 

the method of choice in case of variable prices. When comparing the influence of the household type, 

 
19 The green bar below the x-axis represents the parking time of the EV. 

20 Note that only cost reductions are displayed. Economic gains from PV fed into the grid are subject to national legislation and chosen sales channels 

and are not considered in this evaluation. In Germany, a feed-in tariff would lead to smaller benefits from a controlled scenario since a gain in self-

consumed energy leads to less compensation for feed-in PV. V2H is still beneficial but instead of a price spread of 35.6 ct/kWh the gains from self-

consumption shrink to 27.5 ct/kWh (assuming 8.1 ct/kWh feed in remuneration as of March 2024). 
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it can be seen that teleworkers benefit the most, even though they have lower charging demand than 

families and fulltime workers. The German family profits with a maximum cost reduction of 22%, while 

the two fulltime workers save 21%. Having a closer look at the fulltime workers, the difference between 

PV-optimised and day-ahead optimised becomes smaller. This can be explained by EVs that are mostly 

not present during the sunny working hours. The PV-optimisation generates cost saving of 31% for 

one teleworker compared to only 16% for two fulltime workers, even though the installed PV capacity 

is higher for the two full-time office workers. Cost savings due to day-ahead price optimisation are 

almost identical between teleworkers and full-time office workers with 12% resp. 11%.  

  

 

Figure 35:  Total electricity bill for various scenarios for unidirectional charging. Upper 

left for a family, upper right for two fulltime workers and bottom for a tele-

worker. 21 

 

 
21 The different colours represent different countries, the opacity the two different battery sizes and the four different groups on the x-axis represent 

the different control targets. The numbers show the absolute and relative bill reduction of the different controls compared to the baseline scenario 

for the German case. 
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Figure 36 shows the annual electricity costs and cost savings for a bidirectional setup. The qualitative 

relationship of the bars is similar to the unidirectional scenarios (Figure 35). For the German use cases, 

a family can reduce its annual bill by 31% with a PV- and price-optimised control approach, saving 

EUR726, while two office workers save EUR363 (-26%), and a teleworker saves up to EUR365, a cost 

reduction of 45%. The savings are higher compared to the uni-directional charging setup by 5% to 9%. 

When considering bidirectional charging, it must be considered that, although the self-consumption 

of PV power can be increased on a larger scale, additional losses due to the charging/discharging 

cycles lower the economic gains. In addition, these cycles are naturally performed with lower power 

levels, especially for the discharging process, since household loads are mostly in the power range of 

some 100 W to a few kW. In this power range, the efficiency of the charging equipment is quite low, 

assuming that it can supply such low power levels at all22. Therefore, in particular when considering 

variable electricity prices, the price spread needs to be high enough to compensate for additional 

energy losses. With an exemplary full-cycle efficiency of 70%, a price spread of at least 30% is required 

to break even, leaving only small periods in the daily day-ahead price curve. The cost savings from 

bidirectional charging quantified within this study go in line with numbers found in literature that 

range from EUR150 to EUR400 in the V2H use case (see Section 2.2). Note that this only considers the 

V2H applications. Additional savings could be realised if electricity is used for arbitrage trading back 

in the grid, but this use case could not be analysed in detail with an energy system model. Estimations 

of savings from arbitrage can be found in literature (see Section 2.2). The arbitrage use cases may be 

utilized by aggregators with pools of private electric vehicles and are not likely to be followed by single 

individuals.  

  

 
22 We considered the charging infrastructure to be able to operate continuously in between -11 kW and 11 kW. However, many chargers have a mini-

mum power value of a few kW. In this case, charging processes would likely use additional grid energy in times with low PV surplus and almost never 

discharge, or if so, discharging into the grid would be a consequence. 
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Figure 36:  Total electricity bill for various scenarios for bidirectional charging. Upper left 

for a family, upper right for two fulltime workers and bottom for a tele-

worker23.  

 

Cost savings due to increased battery lifetime 

Apart from the energy bill reduction due to a higher self-consumption rate and exploited variable 

electricity prices, another cost-saving factor may result from extended battery lifetime by applying 

bidirectional charging. The main source for extended lifetime is the reduced calendrical ageing result-

ing from more beneficial charging states. A shorter lifetime and more cyclic ageing can occur if the 

battery has considerably more charging cycles. Therefore, the benefit or drawback from bidirectional 

charging is highly dependent on the charging scenario and the baseline.  

In general, bidirectional charging results in a negligible decrease in lifetime compared to the unidirec-

tional charging in the simulation. A significant effect on battery degradation can be observed, when 

 
23 The different colours represent different countries, the opacity the two different battery sizes and the four different groups on the x-axis represent 

the different control targets. The numbers show the absolute and elative bill reduction of the different controls compared to the baseline scenario 

for the German case. The cost reduction compared to unidirectional charging in % is marked with a “*”. 
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the required SOC is changed to 100%. Such a SOC level results in an increased battery degradation of 

approximately 40%. Figure 37 shows the results of applying the ageing model described earlier. In the 

upper part of Figure 37, a target SOC of at least 80% was assumed. In the baseline scenario, this means 

that the battery is charged to exactly 80% on departure whenever subsequent trips do not require 

more than 80% SOC (>95% of all trips). In the other scenarios, the controller can still utilise the full 

battery capacity with the constraint that at least 80% SOC is guaranteed at departure. In the lower part, 

100% target SOC is required. Unidirectional charging is shown on the left and bidirectional charging 

on the right side. Green dots represent results from the non-linear ageing model, blue dots from the 

linear model 66. It shows that PV-optimised charging increases battery lifetime in all cases. For price-

optimised behaviour, unidirectional charging also increases the lifetime, while bidirectional charging, 

following the linear model, has a wide range of lifetime effects with some scenarios also with higher 

battery degradation.  

  

  

Figure 37:  Battery lifetime for the uni- (left) and bidirectional (right) use cases with an 

80% target SOC (top) and 100% target SOC (bottom). For the 80% scenario, 

the mean values and the percentage increase compared to the baseline sce-

nario are included. 

 

In general, there are various ageing models in literature. We have chosen two different approaches 

which already show different results in terms of absolute offset (non-linear always has longer lifetimes 

than linear) and the relative comparison with the baseline scenario (the spread of the scenarios includ-

ing day-ahead prices is larger than in the non-linear model). Long-term results for battery ageing 

derived from field data with different charging conditions are still lacking, and the battery research is 

developing new designs in rapid succession. Hence, the assessment of ageing is subject to high un-

certainties. However, previous studies come to similar conclusions stating that bidirectional charging 

does not necessarily decrease battery lifetimes [29, 57]. Derived from [57], strong V2X usage has similar 
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ageing effects in the “nominal case”, performs better than the “charge when you can” scenario (which 

is the baseline in the simulation conducted in this study), but worse than the “just-in-time charging” 

(see Figure 38). 

 

Figure 38:  Capacity loss for LFP/C and NCA/C battery technologies after 1 year according 

to different use cases24. 

 

 

 

 
24 The “charge when you can” mode is comparable with the “baseline” mode in this study 

The simulation results show large cost saving potentials for controlled uni- and bidirectional 

charging. In Germany, for example, two fulltime workers can reduce costs by 21%, a family by 

22% and a teleworker by 36% when following a combined control approach for PV- and price 

optimisation. The highest benefits come from the increase of self-consumption, while variable 

electricity prices offer less potential. Similar findings apply to the other countries observed, 

with different absolute values of cost savings. The use of bidirectional charging can further in-

crease the cost savings by up to 9% (in Germany for teleworkers). The additional potential of 

bidirectional energy is subject to additional losses for charging/discharging cycles with low 

part load efficiency and the major PV excess already being exploited during EV charging. 

The lifetime of the battery can be substantially extended by changing the target SOC upon 

departure from 100% to 80% instead. This increases the lifetime by an average of 40%. Con-

trolled unidirectional charging increases the battery lifetime by a further 5-10% on average, 

compared to uncontrolled charging, with bidirectional performance slightly better than unidi-

rectional charging. 
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5.2 AC and DC charging equipment costs for V2G 

The user costs for V2G are mainly defined by the charging concept. Bidirectional charging can be 

realised with AC and DC chargers, but technical implementation is different. As the most important 

starting point to enable V2G, the EV manufacturer has to adapt the battery management system (BMS) 

and EV charge controller (EVCC) through the functionality of discharging to the vehicle´s plug. This is 

independent of AC and DC charging. The main difference is that, for DC charging, the converter25 

moves from the EV to the EV charging equipment (EVSE).  

A schematic set-up of the AC and DC charging equipment is shown in Figure 39 with an onboard 

charger (OBC) for AC charging located in the car. It also shows the main advantages and disadvantage 

of both solutions. AC connection requires a type 2 plug, and DC connection requires a CCS (Combined 

Charging System) plug that can be used for AC charging as well. Many European EVs already have a 

CCS connection and are, therefore, prepared for both.  

 

  

 In Europe, almost all EVs are equipped with 

OBC 

 Almost all residential chargers are AC 

➔ Technical effort for bidirectional OBC is low 

 Adaptations required in EV BMS & EVSE  

 High level communication (ISO 15118-20)  

between EVSE and EV necessary (in standardi-

sation) 

 Network codes need to be met by OBC 

 OBC not relevant                                 

 

 Additional converter required in EVSE  

 

 Adaptations required in EV BMS & 

EVCC  

 High level communication ISO15118-

20 is already a standard for DC 

Figure 39:  Comparison between infrastructure for alternating (AC) and direct (DC) cur-

rent charging concepts for V2X applications and main advantages (green ar-

rows) and disadvantages (red arrows). 

In Europe, almost all EVs are equipped with an on-board charger (OBC) and almost all residential 

chargers are AC chargers. AC charging is, therefore, the default charging setup for residential applica-

tions. So far, DC charging is only used for fast charging. To make residential chargers bidirectional, 

OEMs would need to make their OBC bidirectional, which is relatively easy from a technical point of 

view. Bidirectional converters are well known from battery systems and can be implemented with a 

cost increase of around 10%.  

Feeding electricity back from the EV to the household/grid requires more sophisticated higher-level 

communication between EV and EVSE. This communication will be based on the ISO15118-20 stand-

ard, which has been released for DC charging, and is currently in the standardisation process for AC 

charging. The main challenge is that, in the bidirectional case, the network codes must be fulfilled by 

the OBC and transferred by the EVSE. It is expected that EVs will need to fulfil the same network codes 

 
25 Converter includes inverter and rectifier 
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as residential storage, as they are at a similar power level. However, network codes vary between grid 

operators and countries, and regulation here is challenging. 

As a requirement for V2G charging, the EVSE needs to be upgraded for higher-level communication. 

This upgrade requires new controller hardware that can handle the additional IP-based communication 

via the control pilot (CP) contact modulated with power line communication. Older EVSE must be re-

placed by a new one. As there is no difference in the content of the charger, the authors expect prices 

to be similar to those for unidirectional EVSE. Last year, many manufacturers claimed to be ready for 

bidirectional charging. For new models, this could mean that higher-level communication can be 

achieved with an update or upgrade.  

While, in the AC case, the converter is located in the car, in the DC case, however, the converter for 

generating DC electricity for the battery is located in the EVSE. Hence, the EVSE must be replaced with 

a new one containing more electronics – an AC EVSE is more or less a controlled contactor. The DC 

EVSE also needs a converter. So far, DC-charging is almost exclusively used for fast charging, which 

makes DC charging prices a bad indicator. But the prices of hybrid converters for residential storage 

are in the same order of power and give a good indication. A 10-kW hybrid converter26 costs around 

EUR2,400.00.  

Costs for energy management systems must be considered as well to implement V2G. Figure 40 shows 

how V2G charging infrastructure is integrated into the energy system via an energy management sys-

tem (EMS). The EVSE is the communication interface between the EMS and the EV. Ensuring interop-

erability requires the application of well-defined standards. According to the current market, 

OCPP 2.0.1 or OCPP 2.1 (open charge point protocol) is the most promising standard for the EMS. For 

EVs ISO 15118-20 should be requested for either DC or (when released) AC.  

 

Figure 40:  Integration of V2G into the home energy management system 

The assessment of future prospects for bidirectional charging infrastructure in households seems to 

be diverging between AC and DC technologies. DC-based systems are expected to be implemented 

more rapidly due to their higher charging speeds and increasing adoption in commercial and industrial 

applications.  

However, AC-based systems remain fundamentally more cost-effective and simpler to implement. 

Consequently, despite the faster progression of DC technology, AC systems are likely to dominate 

household applications due to their technical simplicity and lower costs. Thus, while DC technology 

may advance quicker, AC will likely be the more economical and practical choice for residential use. 

Table 12 shows prices that we expect in a developed market for V2G applications. If car manufactures 

change the current approach to equip all cars with on-board chargers, the economic advantage of AC 

systems could be reduced. 

 
26 converter price example here: https://www.photovoltaik4all.de/fronius-symo-gen24-10.0-plus 

https://www.photovoltaik4all.de/fronius-symo-gen24-10.0-plus
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Table 12:  Summary of expected price for bidirectional charging equipment 

   Target 

 Unidirectional Bidirectional 

 Simple control EMS included EMS included 

AC charging EUR1,000 EUR1,250 EUR1,350 

   EVSE EUR1,000 EUR1,000 EUR1,100 

   Energy Management - EUR250 EUR250 

DC charging EUR3,000 EUR3250 EUR3,250 

   EVSE (10 kW) EUR3,000 EUR3,000 EUR3,000 

   Energy Management - EUR250 EUR250 

Source: Own assumptions 

5.3 Cost benefit analysis for V2H and V2G applications 

Cost benefit analysis for V2H 

The cost-benefit assessment of V2H systems takes into account the price of bidirectional charging 

equipment and the annual savings.  

The one-time cost of unidirectional charging equipment is estimated as EUR1,000 for AC charging and 

EUR3,000 for DC charging. Applying an advanced energy management system for controlled uni- or 

bidirectional charging, additional EUR250 are needed. For bidirectional charging the DC cost stay iden-

tical, while AC cost increase by about EUR100. 

The annual savings for unidirectional charging in the German use cases range between EUR130 and 

EUR510, which shows that, after only two years, costs for an energy management system are compen-

sated. In the bidirectional AC case, only small additional costs of EUR100 apply, while additional annual 

savings of EUR60 to EUR200 are possible.  

This shows that, if charging infrastructure and a PV-System are already in place, implementing an en-

ergy management system is always the economic choice. Even if no PV-System is installed, variable 

tariffs offer annual cost saving incentives of at least EUR130 to follow a controlled charging approach.  

Since bidirectional charging does not decrease battery lifetimes and only comes with about EUR100 

additional cost for AC infrastructure (and no additional cost for DC), considering the additional annual 

savings of EUR16 to EUR200, a V2H EMS is always the economic choice. However, the effect is less 

pronounced than for the simple decision of controlled unidirectional charging. 

While the economic benefit of bidirectional charging always covers the costs for additional hard- and 

software, for a fulltime worker in Poland, the economic gain is the smallest, while a family in Italy can 

profit the most. 

Cost benefit analysis for providing V2G services instead of following V2H incentives 

An analysis of V2G services in Europe indicates potential cost savings. Germany leads with reductions 

of 1.4% in grid reinforcement costs in densely populated areas and significant savings in less populated 

regions. France sees large reductions, benefiting from its sparsely populated areas. Italy avoids signif-
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icant investment in power lines, especially in intermediate regions. Poland saves mainly in less popu-

lated areas, while Spain, despite its dense population, concentrates savings in intermediate regions. 

The UK benefits from savings due to its large urban population (as shown in section 3.2). 

These savings depend on network topology and distribution. While some regions can avoid penalties 

altogether with V2G controllers, most benefit from the reduced need for grid reinforcement. Although 

optimised controllers may have drawbacks in some cases, overall, they offer positive or neutral effects. 

In Germany, the introduction of V2G services for EVs is expected to result in savings in grid expansion 

costs by 2030 and 2040. In the 2030 scenario, the estimated German savings amount to EUR430 mil-

lion, with 14.1 million EVs expected to be in operation. This translates into savings of around EUR30.50 

per EV. By 2040, these savings are projected to increase to EUR1.73 billion, driven by an expected 

30.7 million EVs, resulting in approximately EUR56.35 saved per EV. 

Cost comparison of V2G and V2H services 

Assuming that the cost of implementing V2G and V2H services is the same, it is clear that the financial 

incentives for V2H are significantly higher than the avoided grid reinforcement costs of V2G. While 

V2H could save a family in Germany owning a PV-plant up to EUR726 per year (only utilizing variable 

tariffs with no PV-plant saves EUR451), an EV could save only EUR56.35 of grid costs over the period 

to 2040. 

Conclusion 

V2H systems can often contribute to the stability of the electricity grid and do not necessarily preclude 

the implementation of V2G services, as the need for V2G is less frequent. It is possible that V2H will 

also lead to a reduction in the expansion of the electricity grid, an aspect not considered in this study. 

This could lead to additional savings. When V2H systems are market-driven, many charging and dis-

charging cycles are expected to be grid-supportive. This typically occurs when grid load is low and 

electricity prices are correspondingly low. This dual approach can optimise grid management by ef-

fectively addressing both consumer incentives and grid operator needs. 
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6 Conclusions & Recommendations  

Effects on the power system level 

On the power system level, the transformation of the mobility sector necessitates an increase in elec-

tricity demand supported by more renewable generation and backup capacities but also leads to a 

stronger dependency on electricity exchange between countries. Based on the power system model 

results, smart charging and Vehicle-to-Grid (V2G) technologies can play a crucial role in alleviating the 

pressures of this transformation across all mentioned areas; they can help to decrease curtailment and 

reduce the need for electricity grid expansion. Additionally, smart charging and V2G enable better 

integration of photovoltaic (PV) capacity, allowing for more capacity to be installed. This reduces the 

need for other alternative flexibility resources within the system, in particular less reliance on stationary 

battery storage. Furthermore, a more effective integration of PV through electric vehicles is achievable 

if the vehicles are connected during daytime. With large numbers of electric vehicles, the market can 

become saturated. The additional value of flexibility from truck charging is limited in this case.  

Another effect of smart charging and V2G is a reduction of generation capacity in electrolysis and the 

electrification of hydrogen as well as the reduction of electricity generation capacity from natural gas. 

This effect further increases, and a stronger reduction of these capacities can be seen, if V2G is applied. 

This includes a stronger decrease in the required backup capacities of gas and hydrogen power plants, 

as well as lower utilization of power generation from these plants. If the number of electric vehicles 

increases and a large number of vehicles is already equipped with bidirectional charging technologies, 

the marginal additional value of flexibility becomes smaller.  

Effects on the distribution grid level 

Regarding the grid implications of bidirectional charging, our analysis focused on two distinct use 

cases: economically optimized charging and grid-friendly charging. Economically optimised charging 

involves using dynamic retail tariffs for electric vehicle (EV) users, commonly referred to as vehicle-

to-home (V2H). This method has shown only marginally positive effects on peak loadings. While the 

integration of photovoltaic (PV) generation can decrease grid load, the impact is highly dependent 

on specific grid characteristics. Overall, no strong negative effects can be observed due to economi-

cally optimized charging.  

Grid-friendly charging involves monitoring transformer loading to adapt charging activities. During 

periods of potential grid overload caused by high demand, charging processes are postponed as 

much as possible without compromising the target state of charge (SOC). Conversely, if overload oc-

curs due to high electricity feed-in, plugged-in cars are charged wherever feasible. This approach 

helps to reduce overloads but does not eliminate them entirely. 

Several grid-specific conditions, including the presence of EVs but also the integration of other tech-

nologies such heat pumps and PV installations, determine the need for grid extensions. Therefore, 

the contribution of Vehicle-to-Grid (V2G) technologies is limited under these circumstances. Despite 

these limitations, grid-friendly charging typically results in a slight reduction in grid extension costs 

on average. This showcases the potential of adaptive charging strategies to mitigate some grid chal-

lenges while recognizing the complexity and variability of grid systems. 

Effects on the user level 

In addition to these systemic benefits, individual benefits for electric vehicle users also occur and in-

crease with higher price variability, incentivising the adoption of smart charging and V2G technolo-

gies. The financial savings from bidirectional charging vary significantly depending on the size of the 

EV and the typical driving profile of the user. Smaller EVs can expect savings ranging from EUR30 to 
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EUR430 per year (4 – 34 % cost savings), while larger EVs can benefit from savings between EUR78 

and EUR780 per year (7 – 35 % cost savings), if V2H is considered and compared to unmanaged 

charging. This is in line with recent studies that identified substantial economic potential for car and 

truck users. Revenues found in literature are ranging between approximately EUR300-1,50027 per car 

and year and between approximately EUR3,000-10,000 per truck and year in the case of depot 

charging.  

The integration of photovoltaic (PV) systems and the utilization of dynamic pricing structures can sub-

stantially increase these potential savings. Bidirectional charging increases savings by 5 % compared 

to smart charging alone. From the household categories perspective, the analysis of EV charging at 

home shows larger cost saving potentials for teleworkers compared to families and fulltime workers. 

For example, two German fulltime workers can reduce their electricity costs by 26% (EUR360), a family 

by 31% (EUR730) and a teleworker by 45% (EUR370) when following a combined control approach for 

PV- and price optimisation. The highest benefit results from the increased self-consumption of PV 

power, while a variable electricity price offers significantly smaller potentials. The savings vary depend-

ing on price levels and price spreads of electricity costs. In countries with lower electricity costs, such 

as Poland and France, lower cost reductions in absolute terms can be realised. Consequently, vehicle-

to-home (V2H) technologies also generate cost savings in these countries, but profitability is lower 

when the same level of investment is considered. 

Implementation barriers  

V2X is currently in a testing phase in many countries in Europe, and first commercial trials can be seen. 

In recent years, industry has increasingly recognised the potential and started to develop cars and 

charging infrastructure capable of bidirectional charging. Yet, many of the (announced) car models 

focus on V2L/V2H use cases, and the availability of cars that are capable of V2G is still scarce. Similarly, 

many of the announced bidirectional wall boxes are not available yet.  

In addition to technical barriers and potential acceptance issues, the current regulatory, policy and 

market environment defers or impedes V2X deployment. However, regulation on EU-level has in-

creasingly considered V2X, and recent regulatory revisions are conducive to V2X (e.g. the internal 

electricity market directive, the AFIR, the RED III, the EPBD and the ETD—once agreed upon). Yet, na-

tional law still needs to be adapted accordingly in many cases. EU countries differ in their V2X-friend-

liness with regard to regulatory, policy and market considerations.  

In the realm of technological development for electric vehicle charging, both AC (alternating current) 

and DC (direct current) technologies are functional and supported by most vehicle manufacturers. 

Vehicles that are V2X-ready (vehicle-to-everything) do not incur significant additional costs, making 

both technologies viable. However, for a broad diffusion of bidirectional charging infrastructure, a 

uniform standard is essential to avoid proprietary solutions and ensure the interoperability of differ-

ent vehicles with the charging infrastructure. AC charging systems require less hardware, making 

them more suitable for residential use and slow charging applications. In contrast, DC charging sys-

tems, due to their additional hardware costs, remain more expensive and are primarily used for fast 

charging, while the business case for bidirectional charging is less clear. An economic analysis in Ger-

many, considering full electrification of single-family homes, reveals that a DC-dominated world, 

compared to an AC dominated one, would lead to an approximate economic disadvantage of EUR30 

billion, assuming there are 12 million single-family homes. Moreover, a scenario where passenger ve-

hicles rely solely on DC charging without onboard chargers is viewed as unlikely. Currently, DC tech-

nology holds a developmental lead, both in terms of hardware and communication software. For ex-

 
27 Note that EUR1,500 in literature also includes arbitrage trading of a private car, which was not part of the study at hand. 



Potential of a full EV-power-system-integration in Europe 

Fraunhofer ISE & ISI  |  79 

 

ample, the ISO 15118-20 standard for DC is already available, whereas for AC, it is still under devel-

opment and presents more complexity due to grid code compliance aspects. In the long run, AC 

technology is considered to be more cost-effective and promising due to its lower hardware require-

ments and adaptability for residential and slow charging purposes. This positions AC as a favourable 

option for future technological investments and infrastructure development in electric vehicle charg-

ing. 

The lifetime of the battery should be no barrier for the implementation of V2G, as the analysis based 

on an ageing model for the battery life indicated. If V2G is combined with controlled charging bat-

tery lifetime is increased by 5 - 10 %. Even stronger impacts on the battery lifetime result from target 

SOC upon departure.  
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Annex A - Modell description 

Enertile 

Enertile is an energy system optimisation model developed at the Fraunhofer Institute for System 

and Innovation Research ISI. The model focuses on the power sector, but also covers the interde-

pendencies with other sectors, especially heating/cooling and the transport sector. It is used for 

long-term scenario studies and is designed to depict the challenges and opportunities of increas-

ing shares of renewable energies. 

 

Figure 41:  Schematic representation of the system boundaries, inputs and interactions 

of the energy supply model Enertile [58]. 

Renewable power generation technologies are central for the transition to a greenhouse-gas neu-

tral energy system. Their availability, however, fluctuates spatially and temporally due to weather 

conditions. In order to optimize the energy supply in Enertile, the potential of renewable energies 

is, therefore, determined in advance, featuring high technological, spatial and temporal resolutions. 

Techno-economic data for the technologies onshore wind, offshore wind, PV (rooftop and ground 

mounted) and CSP are combined with land use data and real weather data from 2010 on a grid of 

edge lengths of 6.5 x 6.5 km. The result of this preliminary analysis includes the installable capacity, 
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electricity yield and generation profiles of the individual technologies and serves as the basis for 

Enertile’s expansion and dispatch decisions. 

The weather-induced fluctuating availability of renewable energies challenges the hourly balancing 

of electricity supply and demand and increases the need for flexibility options. In addition to sta-

tionary storage technologies, cross-regional balancing via transmission networks and flexible de-

mands, Enertile, therefore, considers the flexibility potential of an electrified transport sector. Cost 

minimisation can use the aggregations of car and truck batteries in a model region for system 

balancing as long as the underlying driving profiles of the electric vehicles can be met. The maxi-

mum power for the charging and discharging of these mobile storages is also limited by the driving 

profiles or the dwell times of the vehicles. 

Battery Ageing model 

For cycling ageing, the model proposed by L. Lam et al. [59] is utilised, while for calendar ageing, 

the model developed by J. Nájera et al. [60] is employed. These models incorporate the experi-

mental observation that higher state of charge (SOC) and greater throughput into the battery result 

in accelerated ageing. This means that, when the battery is operating at high SOC levels and expe-

riencing high throughput, its ageing rate tends to increase accordingly. The total battery 𝑄𝑡𝑜𝑡 can 

be modelled for calendar and cycling ageing functions. The mathematical models for calendar age-

ing, denoted 𝑄𝑐𝑎𝑙 and cycling ageing, denoted  𝑄𝑐𝑦𝑐, are presented below:  

𝑄𝑡𝑜𝑡  =  𝑄𝑐𝑦𝑐 + 𝑄𝑐𝑎𝑙 

𝑄𝑐𝑎𝑙  =  𝑓. exp(𝑔.  𝑆𝑂𝐶) .   exp (
ℎ

𝑇
) .  𝑡0.5.  𝑄𝑛𝑜𝑚 

𝑄𝑐𝑦𝑐 =  𝑘𝑠1.  𝑆𝑂𝐶𝑑𝑒𝑣 . exp(𝑘𝑠2. 𝑆𝑂𝐶) + 𝑘𝑠3. exp(𝑘𝑠4. 𝑆𝑂𝐶𝑑𝑒𝑣) . exp(−
𝐸𝑎

𝑅
(
1

𝑇𝑖
−

1

𝑇𝑟𝑒𝑓
))𝐴ℎ 

Where 𝑆𝑂𝐶 is average and 𝑆𝑂𝐶𝑑𝑒𝑣 is the standard deviation of the state of charge, 𝑇 is the temper-

ature, 𝑡 is the time, 𝐴ℎ is the total throughput, other parameters and constants are provided in the 

reference (REF). 

We simulate one year of ageing to estimate the lifetime of the battery, assuming that the battery 

reaches the end of its life, when 80% of its active capacity remains. The amount of time to this point 

is calculated using both linear and nonlinear models. This naming is based on the time model de-

pendency of cycling ageing. The model incorporates coefficients for both annual cycling and cal-

endar ageing. When the total loss reaches 20% of the nominal battery capacity, the battery is con-

sidered to have reached the end of its life. The models can be described as follows: 

𝑄𝑐𝑎𝑙 
𝑎𝑛 𝑡0.5 +  𝑄𝑐𝑦𝑐

𝑎𝑛 𝑡  =  0.2𝑄𝑛𝑜𝑚  (linear) 

𝑄𝑐𝑎𝑙 
𝑎𝑛 𝑡0.5 +  𝑄𝑐𝑦𝑐

𝑎𝑛 𝑡0.5  =  0.2𝑄𝑛𝑜𝑚 (non-linear) 

To estimate the lifetime of the battery, 𝑡 (time) simulations were performed for one year and 

𝑄𝑐𝑎𝑙 
𝑎𝑛 and 𝑄𝑐𝑦𝑐 

𝑎𝑛 values were calculated. The estimated lifetime of the battery is then determined based 

on the results obtained from solving these models for 𝑡 (time).  
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Annex B – Interpolation of grid reinforcement for 2030 

The grid expansion costs for 2030 in densely populated and intermediate populated areas are iden-

tical for standard charging and the grid-friendly bidirectional charging approach. Therefore, the 

reduced grid expansion costs in these areas are zero in 2030 (see Table 13). Reduced grid expansion 

costs in thinly populated areas reach EUR3,204m in the EU 27 in 2030. Figure 42 shows the reduction 

of required grid expansion costs for 2030 per country when the grid-friendly bidirectional charging 

approach (described in 4.2.2) is applied. In cases of transformer overloads, the DSO requests bidi-

rectional flexibility from all plugged-in EVs.  

 

Table 13:  Savings of costs and material for grid expansion for EU 27 in 2030 due to 

grid friendly bidirectional charging 

Population 
density 

Reduced grid  
expansion /EUR 

Savings  
steel/kt 

Savings  
aluminium/kt 

Savings 
PVC/kt 

Reduced  
curtailment/GWh 

Dense  0 0 0 0 0 

Intermediate 0 0 0 0 0 

Thinly 3,204m 99 23 0 0 

Sum 3,204m 99 23 0 0 

Source: Own assumptions 
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Figure 42: Reduced curtailment, material savings and reduced grid costs from V2G for 

France, Germany, Italy, Poland, Spain and UK (2030) 


