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Heavy-duty road transport is a large source of transport-related carbon dioxide emissions in 

the European Union. Battery-electric trucks are one of the technology options that are being 

deployed to reduce these emissions, but their use in long-haul operation is constrained by 

the available charging infrastructure. A long-haul tractor with a battery of 600 to 800 kWh 

cannot be recharged within the regulatory rest period of professional drivers using the 

Combined Charging System (CCS), which in public installations is currently limited to 

around 350 to 500 kW per port. The Megawatt Charging System (MCS) was developed by 

the Charging Interface Initiative to address this gap and delivers up to 3.75 MW at a single 

port. 

This thesis reviews the current status of MCS in Europe. The study is a structured review 

and is based on peer-reviewed literature, industry white papers, international standards and 
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the public disclosures of charging-point operators and truck manufacturers. The thesis 

examines the operational case for MCS, the technical specification of the system, the 

differences between MCS and CCS, and the deployment status as of April 2026. 

The review finds that the minimum charging power calculated for a long-haul battery-

electric truck to reach functional parity with a diesel truck under the EU driving-hours 

regulation is of the order of several hundred kilowatts; Schneider et al. (2023) report a single 

calculated value of 761 kW for a 40-tonne tractor under the VECTO long-haul cycle. The 

3.75 MW upper limit of the standard provides capacity for multi-port operation, for vehicles 

with larger batteries and for the charging-curve tapering at high states of charge. The 

architecture of an MCS station differs from a scaled CCS station in the connector, the 

communication stack, the cable cooling and the medium-voltage grid connection, and an 

MCS station cannot be realised by retrofitting the existing CCS hardware. As of April 2026, 

the charging-point operator Milence operates 34 charging hubs across eight European 

countries, of which three are MCS-enabled. Milence has been awarded up to €111.5 million 

from the EU Alternative Fuels Infrastructure Facility to install 284 MCS charging points 

across 71 locations in ten, mainly by the lead time of medium-voltage grid connections, by 

the capital cost of the hardware and by the small number of MCS-capable trucks in service. 
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1  Introduction 

Heavy-duty road transport accounts for a significant share of the carbon dioxide emissions 

of the European Union transport sector. Commercial vehicles were responsible for 38 % of 

the road-transport CO₂ emissions in the EU in 2019, and the heavy-duty trucks are the 

dominant category within that share (Schneider et al., 2023). To address these emissions, the 

European Union has set binding CO₂ reduction targets for the new heavy-duty vehicles of 

15 % by 2025, 45 % by 2030 and 90 % by 2040, all relative to a 2019 baseline (European 

Commission, 2024). Battery-electric trucks are one of the technology options that are being 

deployed to meet these targets, alongside the fuel-cell electric vehicles and the overhead-

catenary trucks. The remaining barrier for the long-haul battery-electric operation, however, 

is not the vehicle itself but the charging infrastructure. A long-haul tractor with a battery of 

600 to 800 kWh cannot be recharged within the regulatory rest period of professional drivers 

using the Combined Charging System (CCS), which is the public fast-charging standard that 

is installed across Europe (Schneider et al., 2023; Narasipuram and Hosseinpour, 2026). The 

Megawatt Charging System (MCS) was developed specifically to close this gap, and this 

thesis examines how it does so and where the European deployment stands at the time of 

writing. 

The previous studies have addressed parts of this question. Schneider et al. (2023) calculate 

the relationship between the battery size, the charging power and the operating strategy for 

a representative long-haul tractor, and they report that a charging power of 761 kW is needed 

in their reference case for the truck to operate on a single charging stop per driving day. 

Narasipuram and Hosseinpour (2026) review the technical specification of the MCS 

standard, including the connector, the cable, the communication stack and the safety 

requirements. Moorthy et al. (2022) describe a station-level architecture for a multi-port 

MCS site at Oak Ridge National Laboratory. Plötz et al. (2025) estimate the cost of an MCS-

based long-haul charging network in Europe out to 2050. The Fraunhofer ISI HoLa lessons-

learned report describes the first German MCS pilot installations and the early operational 

challenges that were encountered (Plötz et al., 2024). 

What is not yet available in the literature, however, is a synthesis that connects the technical 

specification of MCS to its operational rationale and to the status of the European rollout as 
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of early 2026. Each of the studies above addresses a specific slice of the problem: the battery-

sizing logic, the technical specification, the station architecture, the cost projection or the 

pilot experience. This thesis brings these slices together. The objective of the thesis is to 

describe the current state of MCS in Europe across four linked dimensions: the operational 

case for megawatt-scale charging in long-haul road freight, the technical specification of the 

system, the comparison of MCS with the installed CCS base, and the deployment status as 

of April 2026. 

The research questions that follow from this objective are: first, why is megawatt-scale 

charging required for long-haul battery-electric trucks under the current EU regulatory 

framework; second, what are the engineering requirements that the MCS standard places on 

the equipment manufacturers and on the charging-station design; third, how does MCS differ 

from CCS at the connector, the communication and the application layers, and what does 

this difference imply for the migration from the one system to the other; and fourth, what is 

the current state of MCS deployment in Europe, and what are the principal barriers to a wider 

rollout. 

The scope of this thesis is focused on the European context. The thesis does not present 

original simulation or measurement work; it is a structured review of the literature and the 

available evidence. The primary sources are the peer-reviewed journal and conference 

publications, the CharIN MCS white paper, the relevant international standards, the project 

reports and the public disclosures of charging-point operators and truck manufacturers. 

Where the industry sources are used for time-sensitive facts, in particular for the status of 

the Milence network and the availability of MCS-capable vehicles, they are attributed 

explicitly and, where possible, cross-checked against a second independent source. 

The thesis is organised as follows. Chapter 2 sets out the operational case for megawatt 

charging by linking the driver-hours regulation, the energy demand and the battery sizing of 

a long-haul tractor, and it describes the long-haul battery-electric trucks that are entering the 

European market in 2026. Chapter 3 describes the MCS specification and the engineering 

requirements that follow from it. Chapter 4 compares MCS with CCS at the technical level 

and discusses the migration pathway. Chapter 5 addresses the station-level implementation, 

including the grid connection and the hierarchical control. Chapter 6 reports the current 

deployment status and rationality of MCS across Europe. Chapter 7 concludes.  
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2   Heavy-duty Megawatt Charging 

Megawatt-scale charging is of interest in heavy-duty road transport because of the need for 

short charging times during operational rest periods. This chapter sets out the operational 

case for MCS. It connects three constraints: the regulatory limits on driving and rest time for 

professional drivers, the energy demand of a long-haul tractor and the economics of fleet 

scheduling. The relationship between charging power, battery size and operating strategy is 

then used to motivate the lower and upper bounds of the MCS specification. Figure 1 

summarises the chain of reasoning regarding the driving-time regulation, the energy demand 

and the battery size connect to the case for megawatt charging. 

 

 

Figure 1 Rational connection of the EU driving time control, battery size, and Megawatt Charging 

argumentation. Source: Compiled by the author using Regulation (EU) 561/2006 and Schneider et 

al. (2023). 
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2.1  Long-haul Battery-electric Trucks in 2026 

The technical case for megawatt charging cannot be made in isolation. It has to be set against 

the vehicles that are actually going to use it. This section describes the long-haul battery-

electric trucks that are reaching the European market in 2026, their battery sizes, their stated 

ranges, and their charging capability. Though, the reference vehicle used in the remainder of 

this chapter is a 40-tonne articulated tractor-trailer operating under the VECTO long-haul 

cycle, but the actual series-production vehicles available to the European fleet operators in 

2026 are heavier than the modelled case and carry larger batteries than the analytical 

reference. Therefore, the section closes by linking the manufacturer-stated specifications to 

the analytical parameters used in Sections 2.2 and 2.3. 

The first European long-haul battery-electric tractor that has entered into series production 

is the Mercedes-Benz eActros 600. Series assembly at the Wörth plant in Germany 

commenced in late November 2024 (Daimler Truck, 2024). The vehicle carries three lithium 

iron phosphate (LFP) battery packs of 207 kWh each, which characterizes an installed 

capacity of 621 kWh of which around 600 kWh is usable. Daimler Truck reports a single-

charge range of 500 km at a 40-tonne gross combination mass, and a daily range of above 1 

000 km when an intermediate charge is taken during the driver's statutory rest period 

(Daimler Truck, 2024). The vehicle is currently delivered with a CCS interface at up to 400 

kW. However, its power electronics are pre-engineered for megawatt charging, which is 

intended as a retrofit once the MCS standard is fully established. Mercedes-Benz Trucks 

completed a 2 400 km cross-border road test of two MCS-equipped eActros 600 vehicles 

between Germany and southern Sweden in January 2026, which depicts the readiness of the 

platform for the megawatt charging once the public infrastructure is in place (electrive, 

2026). 

The second is the Volvo FH Aero Electric, which is set for its world premiere in June 2026 

and goes on sale in summer 2026 (Volvo Group, 2026). The vehicle is offered in two 

versions. The standard version carries up to six battery packs for a 540-kWh installed 

capacity and a stated range of around 600 km. On the other hand, the extended-range version 

uses a new e-axle, which integrates the electric motors and the transmission into the rear 

axle, and which frees up space for up to eight battery packs; this gives a 780-kWh installed 

capacity and a stated range of up to 700 km (electrive, 2026). Both versions accept MCS 
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charging at up to 700 kW, recharging from 20 % to 80 % in around 40 minutes, and CCS 

charging at up to 350 kW. The vehicle supports a gross combination weight of up to 48 

tonnes in the markets that allow such a weight. In addition to the Volvo, the sister vehicle 

from the Volvo Group is the Renault E-Tech T, which was presented at Solutrans in 

November 2025; it shares the same e-axle and the same 780 kWh gross capacity, with a 

usable capacity of 624 kWh, and it uses nickel-cobalt-aluminium (NCA) cells supplied by 

Samsung SDI (electrive, 2025). 

The third is the Scania long-haul electric tractor, which Scania offers with a factory-fitted 

MCS connector from 2026 (Scania, 2025). The vehicle is available with several installed-

capacity options in the range of around 416 to 728 kWh, which are offered so that an operator 

can trade the battery size against the payload rather than maximising one of the two. The 

MCS interface of the vehicle supports up to 1 000 A, which infers a charging power of up to 

750 kW. Scania's own guidance is that a 4.5-hour driving segment at a typical motorway 

speed of 80 km/h corresponds to around 360 km of range, and that a 45-minute MCS charge 

during the regulatory rest period adds around 250 km of range. Hence, this guidance is 

consistent with the order-of-magnitude figures that are derived analytically in Section 2.3. 

The fourth is the MAN eTGX for the long-haul applications, and the MAN eTGS for heavy 

distribution work, both of which have been in series production since 2024 (MAN Truck and 

Bus, 2024). Both vehicles use a modular battery system of up to six packs for a usable 

capacity of around 480 kWh and a stated single-charge range of around 400 to 500 km, 

depending on the duty cycle. Both are offered with a CCS interface at up to 375 kW and 

with an MCS interface at up to 750 kW. The eTGX was tested under sub-zero conditions at 

the Kempower MCS demonstration in Sweden in February 2026, alongside the Scania and 

the Volvo vehicles, which characterizes the cold-climate readiness of the MCS platform 

from multiple manufacturers (Kempower, 2026). 

Two observations follow from this set of vehicles. The first is that the typical long-haul 

European battery-electric tractor in 2026 carries an installed battery in the range of around 

480 to 780 kWh, with usable capacities clustered around 480 to 725 kWh and stated ranges 

of around 400 to 700 km on a single charge. Therefore, the reference battery of 798 kWh 

used by Schneider et al. (2023) on their modelled one-stop strategy sits within this range and 

is reasonable for the analytical case in Section 2.3. Though, the higher end of today's series 

production is now meaningfully larger than the modelled battery, but the order of magnitude 
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remains the relevant one. On the other hand, the second observation is that every long-haul 

tractor entering series production in 2025 and 2026 is specified with either a factory-fitted 

MCS interface, or with a CCS interface and a planned MCS retrofit. The MCS charging 

powers stated by the manufacturers, which are around 700 to 750 kW for the Volvo, the 

Scania and the MAN, and up to 1 000 kW for the Mercedes-Benz once the MCS retrofit is 

enabled, sit in the same range as the analytical lower bound on the charging power derived 

in Section 2.3. Hence, the vehicle side and the charging-infrastructure side of the long-haul 

battery-electric ecosystem are being designed against the same operational window. 

The energy demand that follows from these vehicle parameters, and the charging power that 

it implies during the regulatory rest period, are derived in Section 2.3. 

2.2  Driving Rest Periods of Professional Drivers and Charging Opportunity 

Regulation (EC) 561/2006 regulates the driving and rest periods of professional drivers of 

heavy goods vehicles in all member states of the European Union (European Commission, 

2006). This regulation entails a break period of no less than 45 minutes after every 4.5 hours 

of perpetual driving. The break period must be 45 minutes in total which implies that it may 

be taken as continuously or can be split into an initial 15-minute break followed by 30-

minute break later within the 4.5 hour driving period. In addition, the maximum permitted 

driving time is 9 hours a day for professional long-haul drivers, which can be extended to 10 

hours twice a week. Furthermore, weekly driving time is limited at 56 hours.  

In this regulatory framework, the 45-minute break period is the most crucial time window 

for an operator of battery electric trucks. Since it is the only recurring timeframe mandated 

by regulation rather than chosen by fleet operators, charging during this break not only 

increases productivity of the fleet, but also does not lengthen the total working day. 

Therefore, recharge of a long-haul battery during the break becomes operationally 

significant in MCS literature (Schneider et al., 2023; Plötz et al., 2024). 
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2.3  Trade-off Between Battery Size and Charging Power 

The interest in MCS arises from increasing vehicle utilization and reducing charging 

downtime. Relationship between the battery size of a long-haul vehicle, the charging power 

available on route and operating strategy of the vehicle plays the core importance of such 

pursuit. In short-haul and medium-haul applications, a battery electric truck can usually be 

charged overnight or at the depot, which allows the operating day to be completed without 

on-route charging. In long-haul fleet, however, the need for extreme high charging power 

becomes more important as the vehicle is in service for 9-10 hours in a day. As a result, on 

route charging is a must because the battery cannot store such energy to complete a day’s 

operation. That said, to maintain operational flexibility comparable to diesel trucks, high-

power charging is often assumed to be scheduled within mandatory driver rest periods, 

although depot and opportunistic charging strategies may also be used depending on the 

operational context. 

To evaluate total daily energy demands and optimal charging stops of a long-haul vehicle, 

researchers have used VECTO long-haul cycle as a baseline to simulate real world 

conditions for electric vehicles. One such study by Schneider et al. (2023, p.6) reports an 

average energy consumption of approximately 1.1-1.3 kWh/km for a 40-tonne tractor-trailer. 

At a typical motorway speed of 80 km/h, on each 4.5-hour fleet a long-haul tractor generally 

consumes about 400 to 470 kWh at the wheels and 440 to 520 kWh at the battery terminals 

and covers around 360 km. The time to recharge this energy in 45 minutes account for a 

constant average charging rate of approximately 590-690 kW; to permit a tapering of the 

charging curve at the higher states of charge, the peak power must be much higher. 

Their findings are a quantification of the trade-off that lies at the core of the argument in 

favour of MCS and are replicated, in concise form, in Table 1. However, the values are the 

output of single set of model assumptions rather than universal thresholds. Therefore, the 

specific numbers illustrated in Table 1 should not be considered as design contents for the 

long-haul fleet as a whole.   
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Operating strategy Min. battery size (kWh) Max. beneficial charging 

power (kW) 

0-stop (no on-route 

charging) 

1 436 — 

1-stop, 45 min (EU 

regulation) 

798 761 

3-stop, 45 min distributed 422 1 976 

3-stop, worst case 422 2 802 

Table 1- The minimum battery size and the maximum useful charging power based on the various 

long-haul operating strategies. The information was modified based on the article by Schneider et 

al. (2023). 

The one stop strategy correlates to the regulatory rest period. With this approach, Schneider 

et al. (2023) discover that the minimum charging power necessary to achieve functional 

parity between the battery-electric truck and a diesel truck is 761 kW with a suitable and 

workable battery size of 798 kWh. Below this charging power, the battery will have to be 

larger to allow to cover a greater driving range on a single charge, which decreases payload 

and adds to vehicle weight and TOC (Total Ownership Cost). The 0-stop strategy where the 

truck does not charge at all require a battery of around 1436 kWh, which is nearly twice that 

of the 1-stop policy.  

On the other hand, the multi-stop strategies depict the excessive side of the trade-off. These 

strategies infer that the regulatory break period is spread across three shorter on-route stops. 

Though, Regulation (EC) 561/2006 does not permit such approach currently to a single 

driver, but if used with multiple drivers or at logistic depots it can reduce the size of the 

minimum battery to 422 kWh and can rise the maximum beneficial charging power to around 

2 802 kW in the worst case. Further expansion in charging power produces no additional 

reduction in battery size in their model.  

These four operating points can be plotted on only one plane of charging power versus 

minimum battery size as shown in Figure 2. The figure illustrates that, between the 0-stop 

and 1-stop cases, charging power rises from zero to several hundred kilowatts along with the 

largest reduction in required battery size. In contrast, this reduction is significantly smaller 

between the 1-stop and 3-stop strategies and requires excessive charging power in megawatt 

range.  
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Figure 2 Minimum required battery size as a function of maximum beneficial charging power for 

four operating strategies of a 40-tonne tractor. Data source: Schneider et al. (2023). 

This trade-off as in Figure 2, leads to two conclusions. Firstly, the minimum charging power 

of MCS is set by the combination of the regulatory rest period and the energy demand of the 

vehicle. In this case, the lower bound is 761 kWh which is one calculated example by 

Schneider et al. (2023), not a universal threshold. Secondly, the upper limit of 3.75 MW of 

charging power of MCS is superfluous in 1-stop scenario. Wherein, cases where two or more 

MCS-capable trucks are using one or several power distribution points, this limit is not over-

specified and won't overload the grid or require oversized equipment. The 3.75 MW ceiling 

offers engineering headspace to future vehicles utilizing larger batteries, to charge 

concurrently two or more vehicles using the same station cabinet, and the derating that 

occurs at large states of charge (Schneider et al., 2023; Narasipuram & Hosseinpour, 2026). 

Therefore, the 3.75 MW standard is a design margin to facilitate charging of several vehicles. 

2.4  Implications for Fleet Operation 

The economic aspect of the trade-off in Section 2.2 of the charging-power limit and battery 

size is directly related to a fleet operator. According to Schneider et al. (2023), moving from 

a 0-stop operating strategy to a 1-stop strategy enabled by MCS reduces the required battery 
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capacity from approximately 1436 kWh to 798 kWh, corresponding to a reduction of about 

640 kWh per vehicle. 

Assuming a future battery-pack cost of approximately €100–130 per kWh (Hemal, 2025), 

this corresponds to a vehicle cost reduction of approximately €64 000–83 000 per truck. In 

addition to lower vehicle cost, a smaller battery also reduces vehicle mass and improves 

payload capacity. However, this benefit is only achievable when charging power is 

sufficiently high. From a fleet operator perspective, investment in MCS infrastructure can 

therefore partly offset vehicle costs by enabling smaller battery systems. 

On the other hand, a single MCS port draws power load comparable to a small industrial 

facility. Consequently, a site with multiple ports requires up to 5-15 MW of continuous 

power supply. This enormous amount of energy demand cannot be supported by low-voltage 

feeders. They require a medium-voltage connection. But lead time and lengthy planning 

process by distribution network operators act as a binding constraint for deploying new MCS 

sites (Plötz et al., 2024; Milence, 2025).  

Nevertheless, MCS is not designed to supplant CCS in the European charging network, 

rather it is a complementary technology that will coexist to serve entirely different type of 

vehicle classes and operational needs. For light and medium-duty vehicles, CCS is and will 

remain the primary standard in European network. In addition, a large number of heavy-duty 

vehicles continues to draw on CCS for overnight and depot charging. MCS adds to it with 

rapid on-route charging for long-haul tractor trailers to maximize operational flexibility.  

3  Description and Technical Requirements of MCS 

The Megawatt Charging System is characterized by a closely coordinated sets of 

specifications. These include the electrical envelope, the physical connector and cable, the 

communication stack, as well as the safety and thermal-management specifications. This 

chapter describes the engineering requirements citing CharIN Megawatt Charging System 

white paper (CharIN, 2023), International standards IEC 61851-23-3 and IEC 63379, and 

the application-layer standard ISO 15118-20 (ISO, 2022). The purpose of the chapter is not 

to recreate the standards but to identify and tell the engineering requirements that derive out 
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of them and emphasize the design decisions that make MCS different than its lower-power 

predecessor. 

3.1  Electrical Envelope and Connector 

The MCS standard characterizes an electrical envelope maximum of 3000 A at a nominal 

DC voltage of 1250 V, with a connector qualified to 1500 V. This corresponds to maximum 

charging power of 3.75 MW, which is seven times more than the peak power of CCS. Thus, 

making it the maximum charging power output of DC changing standard in commercial 

development around the world (CharIN, 2022; Narasipuram & Hosseinpour, 2026). The 

values were preferred to match specific operational parameters such as heavy-duty 

commercial battery architecture, multi-port operation and derating at high states of charge 

(Schneider et al., 2023). 

The specification envelope has three design choices that requires consideration. The first is 

the voltage range. Modern CCS implementations on highways commonly work in the range 

of 200 V up to 920 V DC, and the battery systems per vehicle cluster to 400 V or 800 V 

nominal. The MCS recommended range was 500 V to 1250 V that enables the battery system 

on the vehicle side to accommodate the future vehicle-side battery systems with 1000 V or 

more where current necessary to produce a certain power is less. A 400 V system would 

require 2500 A, for a charging power of 1 MW; a 1000 V system requires 1000 A; a 1500 V 

system requires only 667 A. Conductor cross-section, cable mass and cooling requirement 

are proportional to current as opposed to power. Thus, the higher voltage range account for 

a significant reduction on the mechanical side of the cable, as well as on the thermal load 

(CharIN, 2022). 

Second option of design choice is the maximum current rating of 3000 A, which sets the 

cooling requirement. At this current level, to supply 3.75 MW on one port without 

overheating is impossible. Traditional air-cooled systems require massive copper conductors 

and cross-section which becomes impractical at multi-kiloampere currents and at high 

surface temperatures. MCS, thus, designed to be liquid cooled directly through the cable and 

connector pins intensively. Active liquid cooling system presents the concern of loss of 

coolant flow, unlike traditional passively cooled CCS cables, where it does not exist. To 

avoid the risk, charging stations hardware is tightly monitored throughout the charging 
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session. In the event of coolant loss, MCS software is programmed to derate the current or 

terminating the session completely to prevent overheating and preserve the operational 

reliability (CharIN, 2022; Pfeil, 2025). 

 

Figure 3 MCS connector face (a) and cable cross-section (b). Schematic based on CharIN (2023) 

and IEC TS 63379. This figure illustrates relative pin positions and structural elements, not 

mechanical dimensions. 

The third design option method involves the pin layout of the connector. MCS connector 

face has a total of seven pins: 2 large DC+ and DC- power pins, a central protective-earth 

pin (PE) with fault-current sensing, and four smaller communication pins marked C1, C2, 

CP and PP. The C1 and C2 pins support the differential power-line communication signal, 

which is used in place of the single-ended control-pilot signalling of CCS (refer to Section 

3.2). The CP and PP pins are used as control-pilot which is similar to CCS and proximity-

pilot and are redefined in the ISO 15118-20 protocol stack. The PE pin is provided to have 

fault-current sensing circuitry with latencies as short as a few milliseconds required at 3000 

A to avoid thermal damage to the cable and vehicle inlet when there is a fault (CharIN, 

2022). Figure 3 schematically summarise this layout (The figure is stylised by author and 
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does not follow the mechanical dimensions of the connector. For definitive geometry, 

proceed to IEC TS 63379). 

3.2  Communication Architecture 

MCS communication architecture represents a separate set of specifications from older fast-

charging standards of CCS. Because charging at up to 3.75 MW generates immense 

electromagnetic interference (EMI) and requires complex energy orchestration, the 

architecture has been redesigned from the physical pins up to the backend software. It also 

adds capabilities that CCS does not provide as a default. There are three differences that are 

worth identifying. 

The first is at the physical layer. CCS uses single-ended power-line communication (PLC) 

protocols based on HomePlug Green PHY protocol. This set up is sufficient to charge up to 

a few hundred kilowatts but inadequate to charge the current MCS envelope, where 

switching transient and common-mode noise on the power conductors are large. In this 

manner, MCS uses differential PLC link using unshielded twisted pair (UTP) wires and a 

matched impedance of 100 Ohm. The differential pair rejects common-mode noise. The 

noise immunity reported is roughly 40 dB higher than single-ended PLC at the same current 

(Narasipuram & Hosseinpour, 2026; Vector Informatik, 2025). Also, the pair natively carries 

TCP/IP traffic, which eliminates the transition layer that is present in CCS. Hence, it shortens 

the startup time and makes maintaining the complex translation middleware easier for 

firmware engineers.  

Secondly, MCS specification does not have the Signal Level Attenuation Characterisation 

(SLAC) process. At the link layer, CCS uses it in determining and matching vehicle and 

station during the connection handshake. The handshake takes around 20 to 30 seconds and 

is a common cause of interoperability failures between vehicle and station brands (CharIN, 

2023). Since physical layer of MCS has a defined impedance and controlled noise 

environment, SLAC is not necessary. Rather, MCS uses a simple Network Management Key 

(NMK) between station and vehicle, which completes in around one second. 

 The third difference is the protocol of the application-layer. MCS uses ISO 15118-20, which 

differs from the ISO 15118-2 standard in use in CCS in four features. First, vehicle to grid 
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(V2G) bi-directional power flow without an additional extension. Second, secure Plug-and-

Charge is mandatory procedure instead of optional feature. Third, the protocol includes a 

dynamic load-schedule negotiation between the vehicle and the site energy-management 

system, so charging sessions can match any time-varying power constraints at the site. And 

finally, fleet level charging sessions identifiers are endorsed, which allows billing to a fleet 

account rather than per-driver authentication (CharIN, 2022; ISO 15118-20). 

3.3  Thermal Management and Electrical Safety 

Two issues mainly drive the thermal and safety design of the MCS station. Maximum 

allowable surface temperature of the connector pins is the headmost concern. CharIN 

mandatory specification states that the peak anticipated temperature of the pins at the vehicle 

inlet and station connector to be less than 100 °C at full current rating, in the worst-case 

ambient conditions (CharIN, 2022). This limit is determined by the thermal tolerance of the 

insulation material, reliability of the contact-resistance interface and the safety requirement 

of the connector surface which the driver contacts during connection, to be within a range of 

temperatures that humans can comfortably work with. To meet the limit, MCS utilizes active 

liquid cooling, sometimes combined with air-cooled systems in a hybrid enclosure to manage 

the heat efficiently. However, as MCS standard is designed to be outcome-based regarding 

thermal management, the coolant flow rates, inlet temperature and dialectic fluids are 

executed by the equipment manufacturers.  

The second concern is the management of fault currents. The MCS specification specifies 

current and energy limits in the short circuit outage at the vehicle inlet, at the station 

connector and on the protective conductor with higher limits than those associated with CCS 

according to their respective current’s envelope defined (CharIN, 2022; IEC 61851-23). 

Insulation co-ordination follows the IEC 60664 family standards in the case of the operating 

range from 500 to 1 250 V DC These thresholds are defined in the standards and not 

reproduced here. 

These limits of thermal and fault currents, along with the cable cooling required to meet 

them, are the reason MCS equipment designated as an integrated coupler-and-station 

product, rather than a connector that can be retrofitted to existing CCS hardware (compare 

Section 4.2). 
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4  Comparison of MCS and CCS 

CCS is the installed base of DC fast charging in Europe and will remain the installed base 

for the near future. Thus, any MCS deployment is added in conjunction with CCS rather than 

instead of it. This chapter compares the two systems across the four layers of difference — 

the connector and electrical envelope, the physical communication layer, the link layer. And 

then discusses how the two systems will co-exist during the transition period. 

4.1  Technical Parameters 

Table 2 and Figure 4 summarise the technical parameters of CCS and MCS side by side. The 

values come from CharIN (2022), Narasipuram and Hosseinpour (2026), IEC 62196 for the 

CCS connector and IEC TS 63379 for the MCS connector. 

Parameter CCS (Type 2 Combo, EU) MCS 

Connector standard IEC 62196-3 IEC TS 63379 

Maximum voltage (DC) 1 000 V (typical 920 V) 1 500 V (nominal 1 250 V) 

Maximum current (DC) 500 A 3 000 A 

Peak power ~500 kW ~3.75 MW 

Physical communication Single-ended PLC 

(HomePlug Green PHY) 

Differential PLC on 100 Ω 

UTP 

Noise-immunity margin Baseline Approximately +40 dB 

Startup handshake SLAC (20–30 s) NMK exchange (~1 s) 

Application-layer protocol ISO 15118-2 ISO 15118-20 

Bidirectional power flow 

(V2G) 

Optional, rarely deployed Native, mandatory 

Plug-and-Charge Optional Mandatory 

Cable cooling Passive or forced-air at high 

power 

Active liquid cooling 

Typical target vehicle Passenger EV, medium-

duty commercial 

Long-haul tractor, heavy 

commercial 
Table 2. Key technical parameters of CCS and MCS. Sources: CharIN (2023); Narasipuram & 

Hosseinpour (2026); IEC 62196; IEC TS 63379. 
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Figure 4 Comparison of CCS and MCS from the power conductor up to the application layer. 

Source: synthesis by the author from Narasipuram & Hosseinpour (2026), CharIN (2023) and 

Vector Informatik (2025). 

The differences in Table 2 adds up to the conclusion that, MCS components cannot be 

retrofitted to CCS stations by swapping the connector and cable alone. On the contrary, the 

grid connection, the internal DC bus and the cooling infrastructure all have to be replaced 

together in order for MCS to be operational (Plötz et al., 2024; Milence, 2025). 

Moreover, MCS is compatible with vehicle-to-grid operation natively. V2G is an optional 

extension of CCS and has rarely been deployed in commercial CCS installations. Whether 

this capability will be used in early MCS sites depends on the regulatory and tariff 

framework rather than on the standard itself. 
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4.2  Migration and Co-existence 

MCS is not a replacement of CCS in near future. The two standards are for different vehicle 

classes and cater to a different operating profile. CCS remains the technology of choice for 

light- and medium-duty commercial vehicles, as well as the depot-charging portion of the 

heavy-duty market. MCS adds a layer for long-haul tractors and other continuously operated 

heavy-duty vehicles having on-route public charging during their journey. 

The major practical problem for fleet operators while the access question remains in flux is 

that a vehicle with a CCS inlet cannot use an MCS station, and a vehicle equipped with an 

MCS-only inlet can't draw from the existing base of installed CCS stations. As a result, 

multiple European truck manufacturers have revealed dual-inlet vehicles where the first of 

their MCS-capable production tractors has retained a CCS inlet to maintain compatibility 

with the existing network (Volvo Group, 2025; Daimler Truck, 2024). This configuration 

adds mechanical and cost complexity; and is likely intended as a transitional feature rather 

than a permanent one. 

For the network, whether MCS and CCS operate together at the same site or at separate sites 

is the practical question of co-existence. European deployment to date manifests both 

frameworks so far. The Milence hubs manage a simultaneous operation of CCS and MCS at 

the same site, wherein the available grid capacity distributed between the active ports by the 

site-level control software (Milence, 2025). The HoLa pilot installs CCS and MCS at the 

same locations along the German A2 motorway (Plötz et al., 2024). Other sites operated by 

smaller commercial operators host CCS only and are upgraded to MCS at a later date if the 

local demand justifies it. 

5  Technical Implementation of an MCS Charging Station 

The MCS charging station is the physical device that turns the standard described in Chapter 

3 into a functioning part of an operating network. An MCS station differs from a CCS station 

by two engineering layers: the grid connection and the internal architecture of the station. 

This chapter describes both. There is, at present, no single standardised station design, and 

the published architectures range from a simple arrangement of independent charging points 



26 
 

on a shared low-voltage board to a fully integrated multi-port converter with on-site storage 

and generation (Plötz et al., 2025; Moorthy et al., 2022). Thus, the chapter first sets out the 

grid-connection requirements that are common to all megawatt-scale sites, and then 

describes one representative integrated architecture in detail, following the system proposed 

by Moorthy et al. (2022) at Oak Ridge National Laboratory and observed in the public 

deployments of Milence (2025) and Plötz et al. (2024). 

5.1  Grid Connection 

The medium-voltage grid connection is the first, and most frequently binding, limit to an 

MCS station. One MCS port at 1 MW already exceeds the rating of a regular low-voltage 

service connection, and a site with several ports draws a power load comparable to a small 

industrial facility. A typical truck-stop or depot with several 1 to 3.75 MW dispensers 

reaches an aggregate installed capacity of around 5 to 20 MW per site (Narasipuram and 

Hosseinpour, 2026). A load of this size is supplied from the medium-voltage network at 10 

to 35 kV rather than from a low-voltage feeder, so that the current, the cable cross-section 

and the voltage drop are kept within limits. It either needs a new connection point or an 

upgrade of an existing one. 

The service transformer for such a site is sized on the maximum coincident demand of all 

the chargers, with a margin added for the auxiliary loads and the conversion losses. As an 

example, a site with four 3.75 MW outlets could require a dedicated transformer in the 12 to 

16 MVA range if all the chargers are operated at full power at the same time (Narasipuram 

and Hosseinpour, 2026). A connection of this rating is rarely available at an arbitrary 

roadside location, which explains the siting pattern described below. 

Two characteristics of the site are determined by the medium-voltage connection. The first 

is its physical location: the local substation should not be too far from the charging hub, so 

that the connection can be made without an excessively high conductor cross-section and the 

cost that comes with it. The second is the lead time before the site can be commissioned. 

The lead time for a new medium-voltage connection of several megawatts is measured in 

years rather than in months for most European member states, and the planning process by 

the distribution network operator largely sits outside the control of the charging-point 

operator (Plötz et al., 2024). These two characteristics together explain why several of the 
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early MCS sites in Europe coincide with industrial sites, ports and motorway service areas 

where medium-voltage infrastructure is already present (Milence, 2025). 

To size the transformer and the connection for the rare worst case, in which every port draws 

full power at the same time, is expensive and is usually avoided. Instead, the more capable 

station architectures use on-site energy storage as a buffer. With this approach, the 

transformer and the medium-voltage connection are sized for a constrained point-of-

common-coupling (PCC) limit, and a stationary battery is dispatched to cover the transient 

charger peaks or to shift energy from the off-peak grid periods (Narasipuram and 

Hosseinpour, 2026). The same buffer also lets a megawatt site be combined at one location 

with lower-power charging of 100 to 350 kW, since most charging events do not in fact need 

the full megawatt rating (Plötz et al., 2025). How the storage buffer is integrated into the 

converter is described in Section 5.2. 

From the side of the distribution utility, an MCS site is judged against the existing feeder 

capacity, the protection settings and the voltage-regulation equipment. The common 

bottlenecks are three. The first is the limited spare capacity on the medium-voltage feeders 

and substations, which requires a transformer upgrade. The second is the voltage flicker and 

the thermal loading during simultaneous fast-charging events. The third is the need to 

coordinate the protection and the fault-ride-through behaviour of the high-power converters 

with the existing distribution protection scheme (Narasipuram and Hosseinpour, 2026). 

Hence, early contact with the local utility, and where it applies a staged build-out that starts 

with fewer chargers and a lower contracted capacity, act as decisive steps in the deployment 

of an MCS site rather than as secondary details. 

5.2  Station Architecture and Hierarchical Control 

The architecture of an MCS station is not a scaled version of a CCS pedestal. According to 

the system described by Moorthy et al. (2022) and spotted in the earliest European 

deployments is based on an intermediate DC bus rather than per-port AC-to-DC converters. 

One medium voltage converter at grid side typically connected to a cascaded H-bridge or 

series-connected modular converters feeds an internal DC bus at approximately 12 kV. From 

this DC bus, each charging port is then provided with current and voltage by a dual-active-

bridge (DAB) converter to the connected vehicle. Stationary energy storage, combined to 
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the on-site photovoltaic generation (if present), is connected at the same DC bus with 

dedicated converters. The architecture is presented in schematic form in Figure 5. 

Figure 5 Simplified multi-port MCS station architecture. Source: Adapted from moorthy et al. 

(2022). 

There are three reasons for this architecture. The first is that it is more efficient for the same 

total power, a single medium-voltage interface is better than several independent low-

voltage interfaces. The second is flexibility—the DC bus lets power be distributed in real-

time between ports. If one port is taking all the power and others are idle, the full rating of 

the station is provided to its active port; if multiple ports pull simultaneously, available 

power is allocated between them. The third reason is that the DC bus provides a natural 

integration point for stationary energy storage and on-site photovoltaic generation. Both can 

be connected to the bus through dedicated DAB converters and used to reduce peak grid 

draw or to provide backup during grid disturbances. 

A multi-port station is controlled hierarchically. The architecture proposed by Moorthy et 

al., (2022), has three levels of control. At the bottom layer, each power-electronic converter 

has local control over its own current, voltage and temperature. At the mid-level, DC-bus 

capacity is assigned between active ports by the station controller in accordance with vehicle 

charging schedules previously negotiated. On higher levels, a site energy-management 

system integrates the station with the medium-voltage grid, on-site storage and generation, 
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and operators back office. The middle and upper levels use the ISO 15118-20 application-

layer protocol to negotiate with each connected vehicle (see Section 3.2). 

The consequence of this architecture for a fleet operator is that an MCS station's port rating 

is a design limitation rather than something that provides continuous service capacity. The 

actual power available at any port at a given time depends on the capacity the grid, the state 

of the local storage and how many other vehicles are connected simultaneously. Fleet 

operators planning around MCS need to schedule around the expected load profile of each 

site rather than around the nameplate of each port. 

 

6  Current Status of MCS Deployment in Europe 

The deployment of MCS in Europe has moved beyond prototype demonstration and into 

early commercial operation. As of April 2026, public charging hubs equipped with MCS 

dispensers are operating along the Trans-European Transport Network (TEN-T), in addition 

to a larger group of pilot and demonstration sites operated by research consortia and 

equipment manufacturers. This chapter describes the current state of the art across five 

topics: the standardisation framework and the pilot demonstrations that have brought the 

system to market, logic behind the geographic deployment in regards to the TEN-T corridors 

and freight flow patterns,  the network of operating hubs and their geographic coverage, the 

funding and cost position of MCS charging, and the barriers that continue to limit the rate of 

further deployment. 

6.1  Standardisation and Pilot Demonstrations 

The standardisation of MCS is led by the Charging Interface Initiative (CharIN), an industry 

association of vehicle manufacturers, charging-equipment manufacturers and component 

suppliers. The version 1.0 of the MCS white paper was published by CharIN in 2022 

(CharIN, 2022). The connector geometry is defined in IEC TS 63379, and the DC supply 

equipment is covered by IEC 61851-23, which both are at the time of writing in the late 

stages of the standardisation process. The application-layer protocol is defined in ISO 15118-
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20, published in 2022 (ISO, 2022). Together, these documents set out the technical envelope 

inside which equipment manufacturers and charging-point operators design their products. 

The first public megawatt-scale charging demonstration in Europe took place in March 2024 

at the MAN development centre in Munich. There, ABB E-mobility and MAN demonstrated 

charging of a prototype electric truck at power levels above 700 kW and 1000 A using an 

early Megawatt Charging System implementation (ABB E-mobility, 2024). The 

demonstration was followed in April 2024 by a second German prototype, this one by 

Siemens (electrive, 2024). Both events were carried out under controlled conditions on the 

manufacturers' own premises rather than in commercial operation. However, they were the 

first public confirmation that megawatt-scale charging of a heavy-duty vehicle was 

technically achievable with then-current power electronics. 

The equipment development moved rapidly after these demonstrations. Kempower 

introduced a commercial MCS-capable charging system with up to 1.2 MW peak power and 

a current capability of 1500 A (Kempower, 2024). Other manufacturers have developed 

equipment with currents of up to approximately 3 000 A and voltage levels of up to 1 250 

V. The current development trend is moving towards higher-voltage architectures, 

approaching 1 500 V; this reduces the current required at a given power level and therefore 

relaxes the thermal load on the cable and the connector (CharIN, 2022; Narasipuram and 

Hosseinpour, 2026). Power Electronics, a Spanish manufacturer, supplied the MCS 

hardware that was installed at the first Milence MCS sites in 2025, with a charging capacity 

of up to 1 440 kW per port at 1 500 A and 1 000 V (Milence, 2025). 

The most significant pilot project in continental Europe is the Fraunhofer ISI HoLa project, 

which is a German government-funded pilot for high-power truck charging in long-distance 

road freight. HoLa is implemented by a consortium of twelve partners including ABB, 

EnBW, Fraunhofer ISI, the Technical Universities of Berlin and Dortmund, Bauhaus-

Universität Weimar, Volvo, Daimler Truck, MAN and Scania. The project is funded with 

€12 million by the German Federal Ministry for Digital and Transport. HoLa is installing up 

to ten CCS charging points and up to eight MCS charging points at five different locations 

along the A2 motorway between Berlin and the Ruhr area. The HoLa first-findings report, 

which was published in March 2024, documents the early operational challenges related to 

the medium-voltage grid connection lead times, the high-power hardware reliability and the 

integration of liquid-cooled charging systems with the existing motorway service-area 



31 
 

infrastructure (Plötz et al., 2024). A second European pilot of relevance is the MACBETH 

project, which is a €10 million EU-funded initiative coordinated by VTT Technical Research 

Centre of Finland to develop multipoint MCS hubs in the Nordic and Benelux regions, 

including robotised charging solutions (VTT, 2025). 

6.2  Rationale of Deployment: Relevant Corridors and Freight-Flow Patterns 

The MCS hubs are not distributed evenly across Europe, and they are not distributed at 

random. They cluster on a small number of routes. And on those routes, they sit at a small 

number of points. The siting of an MCS hub is governed by three factors that act together 

rather than independently. The first is the structure of the Trans-European Transport 

Network. The second is the pattern of heavy-duty freight flow. The third is the prior presence 

of port, logistics and grid infrastructure. The first two factors explain why a hub appears on 

a given route; the third explains why it appears at a given point on that route. 

The first factor is the network itself. The TEN-T is defined in Regulation (EU) 2024/1679, 

which organises the European transport infrastructure into a core network to be completed 

by 2030, an extended core network by 2040 and a comprehensive network by 2050, and 

which structures the core and extended-core layers along nine European Transport Corridors 

that follow the main long-distance axes of the internal market (European Commission, 

2024). Of these nine corridors, four traverse north-western Europe and are therefore relevant 

to the MCS deployment that exists today: the Rhine–Alpine corridor, the North Sea–Baltic 

corridor, the Scandinavian–Mediterranean corridor and the North Sea–Mediterranean 

corridor. The remaining five corridors run through southern and eastern Europe, where the 

battery-electric long-haul fleet is at small presence, and they are not considered further here. 

The TEN-T is not merely a label; under the Alternative Fuels Infrastructure Regulation 

described in Section 6.4, it is the network along which high-power charging for heavy-duty 

vehicles is made mandatory, and, as Section 6.3 shows, it is the network to which the AFIF 

grants are directed. Hence the corridors are the routes on which both the regulatory 

obligation and the public funding are concentrated. 

The second factor is the freight flow, and the four relevant corridors do not carry equal 

weight, because the long-haul traffic is itself concentrated on three dominant patterns. The 

first pattern is the Rhine axis, which runs from the North Sea ports of Rotterdam and 
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Antwerp through the Rhine-Ruhr industrial region and southward towards the Alps along 

the Rhine–Alpine corridor; it is the busiest freight route in Europe, and it is anchored by 

Duisburg, the largest inland port on the continent, and by the steel industry of the Ruhr 

(European Commission, 2024). The second pattern is the east–west flow along the North 

Sea–Baltic corridor, which carries the dense exchange of goods between the Netherlands, 

Belgium and Germany eastward through the Ruhr and Hannover towards Berlin and the 

Polish border. The third pattern is the Scandinavian flow along the Scandinavian–

Mediterranean corridor, which connects the Nordic countries and Finland southward through 

Denmark and Hamburg into central Germany. These three patterns are not independent of 

one another; they share their origin. The first and the third both begin at the North Sea ports, 

and the first and the second both pass through the Ruhr. Consequently, the heaviest 

concentration of heavy-goods movement on the continent is found not along a single line 

but at the points where these patterns converge: the Rotterdam–Antwerp port delta, where 

the Rhine, the North Sea–Baltic and the North Sea–Mediterranean flows all originate, and 

the Ruhr, where the Rhine flow crosses the east–west flow. The energy demand for truck 

charging is highest where the truck traffic is densest; the corridors that carry the most freight, 

and above all the nodes at which they converge, are therefore the locations at which 

megawatt charging is built first. Figure 6 shows the four relevant corridors and the three 

dominant freight-flow patterns with the operating MCS hubs overlaid. 



33 
 

 

Figure 6 TEN-T corridors and dominant heavy-goods freight-flow patterns in north-western Europe, 

with the operating MCS hubs overlaid. Basemap: Natural Earth. 

The third factor operates at the level of the individual site, and it is the binding one. As 

Section 5.1 points out, the medium-voltage grid connection is the most frequently limiting 

element of a megawatt hub, both because of its capacity and because of its multi-year lead 

time. To build a new connection of several megavolt-amperes at an arbitrary roadside 

location is slow and expensive; to build it where a strong grid connection, the land and the 

heavy-electrical infrastructure already exist is far faster and cheaper. Ports, intermodal 

terminals and large logistics parks are exactly such locations, because they are already 

supplied at medium voltage for their cranes, their cold stores and their handling equipment, 

and because they already sit at the convergence of the freight flows that they were built to 

serve. The cheapest and the quickest place to site a megawatt hub is therefore a port or a 

logistics node that already lies at a convergence point of the heaviest corridors. This is the 
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same set of points identified by the first two factors. The three factors thus converge, in the 

literal sense, on the same locations. 

The operating hubs listed in Section 6.3 follow this logic without exception. The Port of 

Antwerp-Bruges hub sits at a North Sea port at the origin of the Rhine and the North Sea–

Mediterranean flows; the Zwolle hub sits on the east–west North Sea–Baltic flow between 

the Randstad and the German border; the Landvetter hub sits beside Gothenburg, the largest 

port in Scandinavia, on the Scandinavian flow; and the Mussalo hub sits at the port of 

HaminaKotka at the Finnish end of the same flow. Together, the three factors explain not 

only why these hubs exist where they do, but also where the network will extend next. For a 

fleet operator, the practical consequence is that the public megawatt network will densify 

along these corridors first, and at these port and logistics nodes first, while long-haul routes 

that lie away from the main corridors will be served later. Corridor-based route planning is 

therefore not a convenience but a necessity for any operator that intends to run battery-

electric trucks on long-haul duty in the coming years. 

6.3  Network of Operating Hubs in Europe 

A charging hub is a multi-point high-power charging station for heavy-duty electric vehicles, 

which combines megawatt-charging dispensers with CCS charging infrastructure, with a 

total installed power in the multi-megawatt range and a medium-voltage grid connection. 

Several charging hubs of this kind are operational in Europe at the time of writing, and the 

number is growing rapidly month by month. The locations of these hubs follow the 

deployment logic set out in Section 6.2. They sit on the freight corridors and at the port and 

logistics nodes where the freight flows converge. 

The largest network of hubs in Europe is operated by Milence, a joint venture between 

Daimler Truck, the Traton Group and the Volvo Group, founded in 2022 to build a pan-

European public charging network for heavy-duty electric vehicles. As of April 2026, 

Milence operates 34 charging hubs across eight European countries, with a total of 221 

charging points (Milence, 2026). The majority of these charging points are CCS at up to 400 

kW per port, which reflects the fact that the CCS-capable share of the European heavy-duty 

fleet still exceeds the MCS-capable share by a wide margin. Three of the hubs have been 

equipped with MCS dispensers in addition to their CCS ports: the Port of Antwerp-Bruges 
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in Belgium, which was opened in February 2025; Zwolle in the Netherlands, which was 

opened in May 2025; and Landvetter in Sweden, which was upgraded with MCS in June 

2025 (Milence, 2025). The location of these three sites is not incidental. The Port of 

Antwerp-Bruges site lies at the North Sea port at which the Rhine and the North Sea–

Mediterranean flows originate; the Zwolle site lies on the east–west North Sea–Baltic flow 

between the Randstad and the German border; and the Landvetter site lies beside 

Gothenburg, the largest port in Scandinavia, on the Scandinavian–Mediterranean flow. In 

each case the prior presence of the strong medium-voltage grid connection that Section 5.1 

identifies as the binding constraint is what makes the site quick to build. Together, the three 

MCS-enabled sites form the first interconnected MCS corridor in Europe, linking Antwerp 

with Stockholm along the North Sea–Baltic and Scandinavian–Mediterranean corridors and 

covering around 1 500 km. The first cross-border operational test of this corridor was the 

Power to Go Further Tour, which was conducted between 15 and 23 April 2026 on the 1 000 

km route between Paris and Berlin. Four electric trucks from Daimler Truck, MAN, Volvo 

Trucks and Renault Trucks travelled the route and charged exclusively at Milence hubs at 

Saint-Witz, Ghent, Maasmechelen, Zwolle, Mogendorf, Kassel-Lohfelden and Vockerode 

(Milence, 2026; electrive, 2026). Figure 7 shows the geographic distribution of the Milence 

network as of early 2026. 
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Figure 7 Operational and planned Milence charging hubs in Europe, early 2026. Source: Milence 

corporate disclosures. 

Outside the Milence network, several other European hubs are now operational. In Finland, 

PlugIt and Kempower opened the country's first public MCS-enabled charging hub in 

Mussalo, near the Port of HaminaKotka, in December 2025. The site was initially equipped 

with 1 800 kW of installed power, supplied by three 600 kW Kempower power units, which 

distribute the energy to four CCS dispensers at up to 560 kW per port and one MCS dispenser 

at up to 1.2 MW (PlugIt, 2026; Kempower, 2026). With the highest power per plug currently 

available in Finland, the site enables a long-haul electric truck to be fully recharged within 

the 45-minute regulatory rest period. The choice of Mussalo follows the same logic as the 

Milence sites, it sits at the port of HaminaKotka, the largest export port in Finland, at the 

Finnish end of the northern freight spine, where the medium-voltage infrastructure of the 

port is already in place. The MCS dispenser at the site is shown in Figure 8. 
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In Iceland, Autel Europe and ON Power 

commissioned Europe's first MaxiCharger 

MCS hub in July 2025, which currently 

delivers up to 640 kW and is scalable to 1.2 

MW at 1 500 A as the battery-electric truck 

demand on the Icelandic freight routes grows 

(Autel Europe, 2025). The Icelandic hub is 

the exception to the corridor logic rather than 

an instance of it; Iceland lies outside the 

TEN-T network and outside the continental 

freight corridors, and the hub is therefore 

driven not by corridor traffic but by the 

isolated demand of the domestic routes, 

which is why it is sized for the present 

demand and built to be scaled later. The 

HoLa pilot sites on the German A2 

motorway, although they were described in Section 6.1 as a research pilot, are also operating 

in real fleet service, and they constitute the first public-corridor MCS infrastructure in 

Germany (Plötz et al., 2024). The A2 between the Ruhr and Berlin is the German segment 

of the east–west North Sea–Baltic flow, and it was chosen for the demonstration precisely 

because it carries one of the densest heavy-goods flows in the country. On the other hand, 

several other commercial operators have announced MCS-capable hubs, but they have not 

yet brought them into public operation. The smaller depot-charging installations operated by 

individual logistics companies for their own fleets are not publicly accessible, and therefore 

they fall outside the scope of this section. 

6.4  Funding and Cost Position of MCS Charging 

The European deployment of MCS is supported by EU funding through the Alternative Fuels 

Infrastructure Facility (AFIF), which is a component of the Connecting Europe Facility. 

Milence's MILES project (Mobility Infrastructure for Logistics — Electric and Sustainable) 

was selected in February 2025 to receive up to €111.5 million in AFIF co-funding, with the 

Figure 8 MSC charging unit in Mussalo port. 

Source: photograph by Pia Lindh. 
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commitment to install 284 MCS and 264 CCS charging points across 71 locations in ten EU 

member states by 2027 (Milence, 2025; Sustainable Bus, 2025). The ten member states 

which are named in the AFIF award are Austria, Belgium, Denmark, France, Germany, Italy, 

the Netherlands, Spain, Sweden and Poland. The broader Milence target, which was 

announced separately from the AFIF programme, is to operate 1700 public high-power 

charging points across Europe by 2027 (Volvo Group, 2025). Together, the AFIF-funded 

MILES network and the wider Milence rollout represent the most concrete public 

commitment to MCS deployment in Europe to date. 

The per-kWh tariff charged at the operating Milence hubs is set on a uniform basis across 

the network, with country-specific variants introduced from late 2025 onwards (Milence, 

2025). The hubs are open to vehicles of any brand, and they support multiple e-Mobility 

Service Providers, direct on-site payment and the Milence Charge Card. From the fleet 

operator's perspective, this means that a vehicle equipped with an MCS interface can use the 

Milence corridor without separate contractual arrangements at each individual site, which is 

a precondition for any cross-border long-haul operation to be commercially viable. 

Beyond the current operating costs, the longer-term cost trajectory of MCS charging has 

been projected in the academic literature. Plötz et al. (2025) estimate the levelised cost of 

charging (LCOC) at the MCS stations under two scenarios that bracket the range of plausible 

deployment paths. Under a low-cost scenario, in which the utilisation is high, and the 

hardware costs follow the lower learning curve, the LCOC declines from approximately 

€0.17 per kWh in 2025 to approximately €0.03 per kWh by 2050. Under a high-cost scenario, 

with the lower utilisation and the higher hardware costs, the LCOC declines from 

approximately €0.27 per kWh in 2025 to approximately €0.07 per kWh by 2050. The annual 

cost of operating a single station declines correspondingly, from approximately €0.52 to 

€0.41 million in the low-cost scenario, and from approximately €0.78 to €0.64 million in the 

high-cost scenario over the same period. Figure 6 reproduces these projections. 
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Figure 9 Projected MCS levelised cost of charging and annual station cost, 2025 to 2050. Data 

source: Plötz et al. (2025). 

The cost decline shown in Figure 9 is driven by two factors that operate in tandem. The first 

is the decline in the hardware and installation cost per megawatt as the manufacturing 

volume grows; Plötz et al. (2025) estimate that the hardware cost decreases from 

approximately €336 000 per megawatt in 2025 to approximately €199 000 per megawatt by 

2050 in the low-cost scenario, and from approximately €460 000 to approximately €356 000 

per megawatt in the high-cost scenario. The second factor is the increase in the station 

utilisation as the battery-electric truck fleet grows; this spreads the fixed costs of each site 

over a larger throughput of kilowatt-hours. The two factors reinforce one another: a larger 

fleet drives manufacturing volume, which lowers the per-megawatt cost, which in turn 

enables more sites to be deployed and the utilisation of the existing sites to rise. 

6.5  Barriers and Deployment Outlook 

There are three barriers that continue to limit the rate of MCS deployment in Europe, and 

the three barriers interact with one another rather than acting independently. The first barrier 

is the lead time of the medium-voltage grid connection that an MCS site requires, which is 

described at the engineering level in Section 5.1. In most European member states, this lead 

time is measured in years rather than in months, and the planning process by the distribution 

network operator is largely outside the control of the charging-point operator (Plötz et al., 
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2024). The second barrier is the capital cost of MCS hardware on a per-megawatt basis, 

which is currently higher than the CCS hardware but is declining over the time horizon 

shown in Figure 6 (Plötz et al., 2025). The third barrier is the small number of MCS-capable 

trucks on the European roads in 2025 and 2026, which keeps the utilisation of the early sites 

low and therefore the per-kWh cost correspondingly high. The vehicles which are MCS-

capable and which are now entering series production are described in Section 2.1, and their 

rollout schedules are reported by the manufacturers themselves (Daimler Truck, 2024; Volvo 

Group, 2025; electrive, 2026). Together, the three barriers explain the gap between the small 

number of MCS hubs operational today and the industry-level targets of several thousand 

points by 2030. 

The EU regulatory framework is the principal supporting policy. Regulation (EU) 

2023/1804, the Alternative Fuels Infrastructure Regulation (AFIR), sets the binding 

minimum requirements for the deployment of recharging infrastructure for the heavy-duty 

vehicles along the TEN-T core and comprehensive networks (European Commission, 2023). 

The AFIR targets are denominated in installed power output rather than in number of 

stations, which is the appropriate metric, given that the per-port power varies between CCS 

and MCS by an order of magnitude. The AFIF funding instrument, which is described in 

Section 6.3, is the financing mechanism for these deployments and has co-funded the 

Milence MILES project that anchors the European MCS rollout. 

The deployment outlook to 2030 has been quantified in two of the studies cited above. Plötz 

et al. (2024) estimate the number of MCS charging points required in Germany alone by 

2030 at around 1000 for a 15 % battery-electric share of the heavy-duty fleet and rising to 

around 2000 for a higher share. Milence's own target is 1700 high-power charging points 

across Europe by 2027 (Volvo Group, 2025). These figures lie an order of magnitude below 

the 30 000 MCS charging points across Europe by 2030 cited by MAN as the industry-level 

target at the 2024 demonstration (ABB E-mobility, 2024). The 30,000 figure represents what 

the industry estimates would be required to fully support a high battery-electric share of the 

heavy-duty fleet, not what is realistically deployable under the current grid-connection and 

hardware-cost constraints. The gap between the two figures is itself an indication of the scale 

of the barriers described above. 
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7  Conclusions 

This thesis has reviewed the current status of the Megawatt Charging System (MCS) in 

Europe across four linked dimensions: the operational case for megawatt-scale charging in 

long-haul road freight, the technical specification of the system and the engineering 

requirements which follow from it, the comparison of MCS with the installed Combined 

Charging System (CCS) base, and the deployment status of MCS in Europe as of April 2026. 

This chapter walks back through each of the four dimensions and summarises the findings. 

The operational case for MCS arises from the interaction between the EU driver-hours 

regulation and the energy demand of a long-haul tractor. Regulation (EC) 561/2006 entails 

a break of at least 45 minutes after no more than 4.5 hours of continuous driving, which may 

be taken as one continuous 45-minute break or split into a 15-minute and a 30-minute break 

within the 4.5-hour driving period. A 40-tonne tractor-trailer under motorway conditions 

consumes around 1.1 to 1.3 kWh per kilometre, which on a 4.5-hour driving segment at 80 

km/h corresponds to around 400 to 470 kWh at the wheels, or around 440 to 520 kWh at the 

battery terminals once the drivetrain and the auxiliary losses are taken into account. To 

recharge this energy in the 45-minute break, the average charging power needs to be of the 

order of several hundred kilowatts. Schneider et al. (2023) calculate, for one 

parameterisation of a reference 40-tonne tractor under the VECTO long-haul cycle, that the 

minimum charging power for a one-stop operating strategy is 761 kW with a corresponding 

battery size of 798 kWh. This is one calculated example rather than a universal threshold; 

however, the order of magnitude is the relevant conclusion. The existing CCS infrastructure 

at 350 to 500 kW per port is below the level needed for one-stop parity with a diesel truck, 

and therefore megawatt-class charging is required. 

The technical specification of MCS responds to this requirement with an electrical envelope 

of up to 3000 A at a nominal DC voltage of 1250 V, with the connector qualified to 1500 V. 

This corresponds to a maximum charging power of 3.75 MW at a single port, which is 

approximately seven times the peak power of CCS. The 3.75 MW value is higher than is 

required by any single-stop scenario in the Schneider reference case; rather, it provides a 

design margin for multi-port station operation, for vehicles with larger batteries, for the 

derating that occurs at high states of charge, and for situations in which more than one MCS-
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capable truck is connected to the same station cabinet at the same time. The connector, the 

cable, the communication stack and the safety architecture of MCS are a separate 

specification from CCS, rather than a scaled extension of it. The communication stack is 

moved from a single-ended power-line communication on the control-pilot line, as used by 

CCS, to a differential pair on an unshielded twisted pair of 100 Ω characteristic impedance, 

with an improvement in the noise immunity reported in the order of 40 dB. The Signal Level 

Attenuation Characterisation (SLAC) handshake of CCS, which takes around 20 to 30 

seconds, and which is a common cause of interoperability failures between vehicle and 

station brands, is replaced by a single Network Management Key (NMK) exchange that 

completes in around one second. The application-layer protocol is ISO 15118-20, which 

makes a bidirectional power flow and Plug-and-Charge authentication a part of the protocol 

rather than optional extensions of it. 

The comparison of MCS and CCS shows that the two systems are not in competition with 

one another and that they cater to different operating modes of the heavy-duty fleet. CCS 

serves the depot charging and the medium-duty distribution work, in which the charging 

times are longer than the regulatory rest period and the lower power per port is sufficient. 

MCS serves the on-route charging of long-haul tractors during the regulatory rest period, in 

which the power per port has to match the energy demand of a long driving segment. As a 

result, a European long-haul electric fleet in service from 2026 onwards needs access to both 

networks, and the vehicles that are equipped with an MCS interface for the on-route charging 

are also equipped with a CCS interface for the depot charging during the overnight rest. The 

major engineering consequence of the comparison is that the MCS components cannot be 

retrofitted to the CCS stations by swapping the connector and the cable alone. The grid 

connection, the internal DC bus and the cooling infrastructure all have to be replaced 

together, and therefore the MCS sites are built new rather than converted. 

The deployment status of MCS in Europe as of April 2026 reflects the early stage of a 

network that has begun to scale, and the shape of that network is not arbitrary. The most 

consistent single finding of the deployment review is that the hubs are governed by a spatial 

logic in which three factors converge on the same locations: the structure of the Trans-

European Transport Network, which under the Alternative Fuels Infrastructure Regulation 

is the network along which high-power charging is made mandatory and to which the public 

funding is directed; the pattern of heavy-duty freight flow, which concentrates the densest 
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traffic on the Rhine axis, on the east–west flow through the Ruhr towards Poland and on the 

Scandinavian flow through Denmark and Hamburg, and above all at the North Sea port delta 

and the Ruhr where these flows converge; and the prior presence of a strong medium-voltage 

grid connection at ports, intermodal terminals and logistics parks, which is the binding 

constraint and which is already in place exactly where the freight flows meet. Because the 

three factors coincide, the growth of the network is predictable rather than opportunistic. It 

densifies first along the busiest corridors and at the port and logistics nodes at which they 

converge, and reaches the routes away from the main corridors only later. 

The concrete state of the network bears this logic out. Milence — the joint venture between 

Daimler Truck, the Traton Group and the Volvo Group — operates 34 charging hubs across 

eight European countries, with a total of 221 charging points, the majority of them CCS at 

up to 400 kW, a balance that mirrors the still-dominant CCS-capable share of the heavy-duty 

fleet. Three of these hubs are MCS-enabled: the Port of Antwerp-Bruges, Zwolle and 

Landvetter, each sited at a point identified by the three-factor logic and together forming the 

first interconnected MCS corridor in Europe, which links Antwerp with Stockholm along 

the North Sea–Baltic and Scandinavian–Mediterranean corridors over some 1 500 km. The 

first cross-border operational test of this corridor, the Power to Go Further Tour of April 

2026, ran four trucks from four manufacturers over the 1000 km from Paris to Berlin 

charging exclusively at Milence hubs, and so showed that an electric long-haul corridor is 

no longer a projection but an operating reality. Outside the Milence network, Finland's first 

public MCS hub opened at Mussalo, beside the port of HaminaKotka, in December 2025, 

and Europe's first MaxiCharger MCS hub was commissioned in Iceland in July 2025, while 

the Fraunhofer ISI HoLa sites on the German A2 motorway operate in real fleet service as 

the first public-corridor MCS infrastructure in Germany. The Icelandic hub, sited away from 

the continental corridors and driven by isolated domestic demand, is the instructive 

exception that confirms the rule. 

The deployment is underwritten by EU funding and is moving towards cost parity over the 

coming decade. Through the Alternative Fuels Infrastructure Facility, Milence's MILES 

project was awarded up to €111.5 million in February 2025 to install 284 MCS and 264 CCS 

charging points across 71 locations in ten member states by 2027 which, together with the 

wider Milence target of 1700 high-power points, is the most concrete public commitment to 

MCS in Europe to date. The longer-term cost trajectory has been projected by Plötz et al. 
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(2025): the levelised cost of charging at an MCS station declines from approximately €0.17 

per kWh in 2025 to approximately €0.03 per kWh by 2050 in a low-cost scenario, and from 

approximately €0.27 to approximately €0.07 per kWh in a high-cost scenario, as the per-

megawatt hardware cost falls and the station utilisation rises. The two drivers reinforce one 

another — a larger fleet raises manufacturing volume, which lowers the per-megawatt cost, 

which enables more sites and higher utilisation — so that the cost position of MCS charging 

is expected to improve more quickly as the network and the fleet grow together. 

Against this, there are three structural barriers that continue to limit the rate of MCS 

deployment in Europe. The first barrier is the lead time of the medium-voltage grid 

connection that an MCS site requires, which in most European member states is measured 

in years rather than in months. The second barrier is the capital cost of MCS hardware on a 

per-megawatt basis, which is currently higher than the CCS hardware, but which declines 

over the time horizon projected by Plötz et al. (2025). The third barrier is the small number 

of MCS-capable trucks on the European roads in 2025 and 2026, which keeps the utilisation 

of the early sites low and therefore the per-kWh cost correspondingly high. The three barriers 

interact with one another rather than acting independently, and the resolution of all three is 

needed before the deployment can scale to the levels indicated by the medium-term industry 

targets. 

The thesis is a structured review and does not present original quantitative results. The 

findings are subject to the usual limitations of a review which is based on industry 

disclosures: the time-sensitive facts, such as the number of operational hubs, the AFIF target 

year and the per-port power ratings of individual installations, can be expected to change 

between the time of writing and the time of reading. The qualitative conclusions about the 

operational case for megawatt charging, the technical architecture of the MCS specification 

and the structural shape of the deployment barriers are less time-sensitive and are expected 

to remain valid through the end of the decade. 

Further work along three lines would extend the contribution of this thesis. The first is an 

updated quantitative cost model that uses the most recent grid-connection cost data from 

operational sites, rather than the assumed values that are used in the existing cost-projection 

literature. The second is a detailed operational study of an MCS-supported corridor once the 

Antwerp-to-Stockholm corridor is fully commissioned and a sufficient fleet of MCS-capable 

trucks is in regular service on it. The third is the integration of MCS sites with stationary 
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energy storage and with local renewable generation, which is technically supported by the 

specification but has not yet been characterised in operation at scale.  
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