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Abstract: As the adoption of electric vehicles (EVs) keeps increasing in recent years, two prevailing 

concerns of owners are charging station availability and reliability. During busy travel times, such as 

holiday weekends or during the summertime, it is common for owners to report long charger wait 

times due to limited site size and offline stations. Most charge point operators (CPOs) only install 

four to six chargers at a station, which leads to low redundancy. This study proposed a new movable, 

self-contained charging station design. This charging station can be deployed with short notice to 

temporarily increase capacity during busy times or emergencies such as evacuations due to natural 

disasters. With the goal of being self-sufficient, this study weighed the pros and cons of differing cell 

chemistries, sized the battery using charging data provided by the United States’ largest public CPO, 

and discussed the feasibility of a solar canopy. 

Keywords: electric vehicle; DC fast charging; mobile EV charging; off-grid vehicle charging; 

augmented vehicle charging 

 

1. Introduction 

Electric vehicle (EV) charging is classified using three different “levels”. Level 1 and level 2 make 

use of widely available, single-phase electricity and provide between 0.8 kWto 14.4 kW of power [1]. 

Level 1 and 2 charging make use of electric vehicle supply equipment (EVSEs) to provide AC power 

to the vehicle, which then uses an onboard charger to convert the AC power to DC power to charge 

the battery. Level 3 uses three-phase power, generally only available in commercial locations, and 

provides anywhere from 20 kW to 350 kW of power output [2]. These level 3 stations, also known as 

DC fast chargers (DCFCs), are generally what people think of when “electric vehicle chargers” are 

discussed. These chargers perform the AC to DC rectification outside the vehicle and deliver DC 

power directly to the vehicle’s battery, bypassing the vehicle’s onboard charger. The DCFCs tend to 

be placed in high-traffic areas such as shopping malls or at travel centers along busy highway 

corridors enabling long-distance traveling for EVs [3]. 

Many DCFC charge point operators (CPOs), such as Electrify America, EVgo, and ChargePoint, 

construct charging stations every 100 to 150 miles along travel corridors. Most EVs sold today have 

enough range to arrive at every station, but in most cases do not have enough range to skip a location. 

This requires drivers to stop at every station, making charger turnover and reliability of great concern 

to drivers and CPOs. Corridors such as Interstate 80 (I80) linking Salt Lake City, UT to Wyoming, or 

US Highway 93 linking Phoenix, AZ to Las Vegas, NV have very limited charging infrastructure to 

the point that one station being down makes these corridors impossible for EVs. The uncertainty 

surrounding charger availability leads some users to charge their vehicle to 100% when they do find 

a functional charger, a practice that can take hours and further exacerbates the problem of charger 

congestion. 

Many criticize public CPOs for not installing more chargers per site, following in the footsteps 

of private CPOs such as Tesla. The typical Tesla Supercharger station has between eight and twelve 
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stalls, while some stations include up to a hundred stalls. However, such station installations are 

costly and are rarely — if ever — fully utilized [4,5]. The limited station size can lead to bottlenecks 

during emergency evacuations, further slowing the adoption of EVs in hurricane or flood-prone 

areas. This also means just one stall being out of order can lead to long wait times as queues form [6]. 

Some equipment failures occur in such a manner that makes them hard or impossible to repair 

promptly and some CPOs are unable to get technicians out to the site quickly to repair the station. 

For these reasons, a mobile deployable charger makes a significant contribution to alleviating the 

queue and reducing wait times. 

Multiple studies have been conducted using both real-time data and collected data to determine 

station reliability. Results have shown that between 20% and 23% of publicly available chargers are 

faulty in some way, leading to drivers being unable to charge [7,8]. If this rate is applied to stations 

along travel corridors where there are only four to six stalls per station, then at any given time 

between one and two stalls at a station may be non-functional. 

For the purposes of this paper, “charger” or “stall” refers to a single, typically independent, 

dispenser which users plug their car into, while “site” or “station” refers to a particular location in 

which multiple chargers are placed within close proximity to one another (typically in adjacent 

parking slots). “Open” or “public” charging networks refer to those networks operated by CPOs at 

which any EV can charge regardless of manufacturer, such as Electrify America (EA) or EVgo. 

“Closed” or “private” charging networks are those where a majority of stations (> 50%) are limited 

to an exclusive list of manufacturers, such as Tesla Superchargers or Rivian Adventure Network 

(RAN). 

2. Research Need 

Charging deserts exist on vast expanses of American highways, particularly in the west. EV 

owners frequently vent their frustration in online forms with public CPOs [9–11], but the charging 

station review aggregation website PlugShare has become the most common outlet to express their 

frustration with broken hardware. Focusing again on the US 60 and US 93 corridors connecting 

Phoenix, AZ to Las Vegas, NV, once drivers leave the Phoenix Metropolitan Area there are only two 

DCFCs open to the public: a single 22 kW station at a dealership in Wickenburg, AZ, and a four-stall 

Electrify America (EA) station in Kingman, AZ. Beginning during the busy Memorial Day weekend 

of 2024 and continuing through July, users reported that at least one stall was down at the EA station 

[6]. However, multiple users across different days and weeks reported stalls being “derated” (only 

outputting a fraction of their rated output), had problems connecting to their vehicles, or said as 

many as three of the four stalls were unusable in some way [6]. During the holiday weekend, one 

user reported a queue as long as 11 vehicles waiting to charge; another user reported waiting 45 

minutes to charge, and another user said there was still a queue at 10 pm on a Monday evening [6]. 

This station is not only highly important for traffic traveling between Phoenix and Las Vegas, but it 

is also the only stop between Needles, CA and Williams, AZ along Interstate 40, another busy 

corridor connecting travelers to Los Angeles, as shown in Figure 1.  

One of the top concerns for potential EV buyers has continually been charging infrastructure 

and its availability, something that has been described as a “chicken and egg” situation: one must 

occur for the other to follow. Issues like that at the Kingman, AZ EA station have given gas vehicle 

owners pause when considering an EV. The general sentiment around road-tripping in an EV, 

regardless of the driver’s attitude towards EVs, is that it is a struggle [12]. Charger availability and 

reliability is a major issue that must be solved if EVs are to remain viable. While the initial cost might 

be higher for the portable charger discussed in this paper, the fact that the charger can be moved 

gives CPOs greater flexibility. For example, the charger could be moved to a new location along a 

travel corridor that experiences infrequent, but predictable, surges in demand. Furthermore, CPOs 

could place the charger at a potential site for a new station to gather demand information and “test 

the waters” before making a more permanent investment. 
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Figure 1. PlugShare map showing available public DCFCs (orange pins) in and around Phoenix, AZ (bottom 

right) and Las Vegas, NV (top left). Note the lack of chargers along US Highways 60 and 93 (green) and Interstate 

40 (red). 

3. Charging Trailer Design 

3.1. Design Constraints 

In order to be transported and delivered where needed, the trailer must be hauled by a semi-

truck. Therefore, the design will be limited by two constraints: first, all the power electronics, canopy 

covers, and the batteries must fit within the confines of a semi-trailer. Second, the total weight, 

including the semi-tractor, must be at or under 36,287 kg (80,0000 lbs). The weight of an unloaded 

tractor-trailer is estimated to be about 13,600 kg (30,000 lbs) [13], so a total weight at or under 22,680 

kg (50,000 lbs) is targeted. It is also desirable to have a design that allows small services to be 

completed in-trailer, but also be modular so individual chargers or battery modules can be removed 

and serviced as needed. To achieve both requirements, six individual charger and battery combo 

units dubbed “Power Cubes” are mounted on rails in the trailer. These modules can be pulled 

partially out or removed entirely, and either repaired or replaced. One “cube” would contain the 

vehicle charger, DC-to-DC conversion equipment, battery management system (BMS), and battery 

cells. Each cube could be standalone — operated on its own even outside the trailer — or placed into 

parallel mode with other cubes to share battery capacity. Each cube’s BMS would be able to balance 

the cells within the cube and communicate with the trailer’s main BMS to balance all six cubes. 

3.2. Battery Analysis 

There are currently two major lithium chemistries used in electric vehicle batteries: nickel 

manganese cobalt (NMC) and lithium iron phosphate (LFP). NMC cells are generally preferred due 

to their high energy density. However, NMC cells have multiple disadvantages. First, the cells are 

very temperature sensitive in both extreme cold and extreme heat which can cause premature 

degradation, decreasing the amount of energy storage available [14]. For emergency situations where 

weather extremes are likely to occur, the ability to withstand extreme temperatures is highly 

desirable. Second, NMC cells experience great degradation when subjected to large amounts of “top 

charging”, aka charging to 100%, and NMC cells do not hold up well when kept at high states of 

charge for extended periods [15]. Finally, due to the large amount of energy planned to be stored in 

the trailer, safety is a major concern. NMC batteries are often regarded as less stable than LFP, and 

thus more likely to catch fire compared to other battery chemistries [16–18]. For example, thermal 

runaway for LFP cells is shown to occur around 256 °C, whereas NMC cells hit thermal runaway at 

198 °C [17]. Thermal runaway propagation for NMC cells was five times faster than LFP cells, in part 

due to the lower maximum temperature of LFP cell fires (899 °C for NMC versus 524 °C for LFP) [18]. 

For these reasons, this study will focus on using LFP batteries. 
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Working within the constraints of the tractor-trailer and the legal maximum towing capacity, 

the limiting factor is the maximum weight. To calculate the theoretical maximum capacity for the 

trailer given a specific energy, the following equation can be used: 

                                                                      Cbatmax
= (MVmax − Mtunloaded

) ∗  ϵbat, (1) 

where MVmax is the maximum gross vehicle weight allowed by law in kilograms, Mt_unloaded is the 

weight of the unloaded tractor-trailer combination in kilograms, ϵbat is the specific energy density for 

a given battery chemistry in Wh/kg, and Cbat_max is the maximum capacity, in Wh, given MVmax is the 

limiting factor. As energy density increases, however, the volumetric capacity of the trailer may 

become the limiting factor. For this reason, a second equation is needed to judge the maximum 

capacity: 

                                                                              𝑉𝑏𝑎𝑡max
= (𝐶𝑡𝑟𝑎𝑖𝑙𝑒𝑟 × 𝜌𝑏𝑎𝑡) ∗ 1000. (2) 

This gives the maximum capacity of the trailer, where Ctrailer is the volumetric capacity of the 

trailer in cubic meters, and ρbat is the energy density of a specific cell chemistry in Wh L-1. This results 

in Vbat_max, or the maximum capacity given volume is the limiting factor. The true maximum capacity 

of the trailer is the lower of the two results. 

Currently, Contemporary Amperex Technology Co., Limited (CATL) produces the most energy-

dense LFP battery, achieving a maximum specific energy of 160 Wh/kg and an energy density of 

345 Wh/L [19,20]. Given a limit of 22,680 kg, the maximum allowable size of the battery is 3.63 MWh 

before factoring in other equipment. 

In their 2023 Annual Report, Electrify America (EA) – the largest, public charging network in 

the United States – reported delivering 374 GWh of energy over 10.7 million charging sessions and 

3800 chargers [21]. That breaks down to about 35 kWh per session, with each charger seeing 7.7 

sessions per day and dispensing, on average, 270 kWh per day. Since six chargers onboard the trailer 

are targeted, we estimate a daily energy consumption of 1.62 MWh. This gives a maximum runtime 

of approximately 2.25 days given current, off-the-shelf technology. 

LFP batteries with higher energy density are on the horizon. A report from The Production 

Engineering of E-Mobility Components Chair at RWTH Aachen University stated that, with current 

technology, LFP batteries could reach an energy density of up to 200 Wh/kg, increasing the theoretical 

capacity of the trailer to 4.54 MWh [22]. The total weight must still account for the DC-to-DC power 

converter equipment, the cooling system, and serviceability in the future, so the actual battery 

capacity must be smaller. 

3.3. Charger Setup and Design 

Currently, very few charge point operators (CPOs) have deployed stations with integrated 

batteries. Their use tends to be for reducing peak-power demands and not the sole source of power. 

EA and Tesla are the only two CPOs known to use battery storage at their charging sites, with both 

using Tesla’s Megapack battery storage solution [23]. However, neither CPO openly discusses their 

system design, so it is unknown if the charger can pull power directly from the battery or if it is 

rectified to AC before being sent to the charging equipment. 

For this work, an end-to-end 400 V class DC system is considered. This will minimize losses and 

remove the need for DC-to-AC and AC-to-DC conversion. Due to the vast majority of DCFCs 

currently installed being limited to 400 V, all EVs are equipped to charge on 400 V stations even if 

they have an 800 V class architecture [24]. Because of this, a 400 V nominal rating is chosen. Each 

Power Cube would have a 400-Volt class battery and be rated to output 400 V at 375 amps 

independently of other cubes for a maximum output of 150 kW. Readily available DC fast chargers 

from ABB or Signet have an efficiency of 95% [26]. Studies have shown that high-power DC-to-DC 

converters have significantly less energy loss, amounting to an efficiency of 98% [26]. 

Due to the energy capacity of the battery, and the want to minimize project complexity and 

weight, this study opted to leave off any sort of AC charging. Doing this means AC to DC rectification 

will be handled solely off the trailer. To charge the trailer, the Combined Charging System (CCS) 
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connector or J3400 (also known as North American Charging Standard, or NACS) would be standard 

to charge the trailer using DC charging infrastructure. 

3.4. Future 800-Volt Compatibility 

In the future, should faster charging speeds or native 800-Volt charging be needed, a small 

design update could be made to add contactors allowing two Power Cubes to act in series. This could 

be advantageous for commercial and industrial customers who maintain fleets of electric pickup 

trucks. Similar technology is already in use in electric pickup trucks: General Motor’s (GM) Ultium 

platform operates natively in 400-Volt mode, but in vehicles with the 24-module battery, a contactor 

can be actuated to split the pack into series mode and charge at 800 V on a compatible charger [27,28]. 

Similarly, the Tesla Cybertruck runs natively at 800 V, but uses a contactor to split the battery into 

parallel mode to charge at 400 V stations [29]. 

Such an update to the system would also allow for faster charging of the batteries themselves. 

The fastest DCFC currently available is rated at a maximum of 500 A at 920 V using the Combined 

Charging System (CCS) connector [30]. Tesla also reported that the recently standardized J3400 

connector (also known as North American Charging Standard, or NACS) will be capable of “up to” 

1000 V, and had tested the connector continuously at 900 A [31]. This means at 800 V the charger can 

output 500 kW, while at 400 V it can output 250 kW. To fully charge the battery in the trailer, it would 

take ~14.5 hours at 400 V or ~7.25 hours at 800 V given a flat charging curve. 

3.5. Feasibility of Solar Canopy 

A typical semi-trailer has four blank sides that are typically used for advertisement of the store 

or company for which the trailer is hauling goods. This work would make use of these to protect the 

chargers while in transport and shade vehicles while they’re charging. However, since these canopies 

are moveable, it would make them ideal canvases for photovoltaic (PV) panels. 

Current off-the-shelf PV panels have an efficiency of 25%, with emerging technologies currently 

being researched approaching 46% [32]. The average direct irradiation on Earth each day varies based 

on a location’s distance from the equator, but for the United States can vary from 3.5 kWh/m2 to 

6.5 kWh/m2 per day [33,34]. For the purposes of this study, the average for Logan, Utah was used, 

which is around 5 kWh/m2 per day. Given the coverable surface area of the trailer is 132.4 m2, the 

estimated output from the panels would be 165 kWh/day given the following equation 

                                                                      CPV =  DI × SA × ηPV. (3) 

Here, the generating capacity of the PV system in kWh (CPV) is estimated using the direct 

irradiation in kWh/m2 (DI) for the deployment location, the surface area (SA) of the trailer in m2, and 

the efficiency of the PV panels (ηPV). This would increase the available energy by an additional 4.7 

estimated charges per day, or a 10% increase in capacity, given currently available technology. 

Any PV system comes at a cost in both tangible dollars and the complexity of the system. With 

an estimated system size of 33 kW, given the estimate of $1.70 per Watt provided by the National 

Renewable Energy Laboratory (NREL), it can be estimated a total system cost of $56,000 [35]. It would 

also require the installation of a solar charge controller and an additional DC-to-DC converter to boost 

the voltage to charge the battery. 

3.6. Integrated Design 

As previously discussed, the limiting factor for this study was the maximum weight for the 

trailer. The safety of LFP batteries comes at the cost of a lower energy density compared to NMC 

cells. This study deemed it a worthy trade-off, but the battery calculation did not take into account 

other sources of weight. 

Charging equipment and the DC-to-DC conversion equipment would be the next greatest source 

of weight. The only currently known converter capable of the power input and output required for 

this design was created by the Volkswagen Group for use in the Porsche Taycan and Audi e-Tron 
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lines of vehicles [36,37]. This converter was specifically meant to allow the vehicles to charge at 

150 kW when using 400 V DC fast charging stations compared to the typical 50 kW the vehicles 

would be limited to at such a station. Because this device is proprietary, its exact weight and 

dimensions are not known. Other converters capable of taking in similar power ratings but 

outputting a significantly lower voltage are common and weigh 9 kg (20 lb) [38]. 

Most of the weight and size of DC fast chargers come from their switching equipment, rectifying 

AC voltage from the grid to DC voltage that can be accepted by the battery. Since that is all able to be 

replaced with the DC-to-DC converter, only the charge cable and user interface components such as 

an LCD remain. A typical CCS Type-1 cable comes in at 7.5 kg (16.5 lb) [39] with the rest being 

negligible. 

The final major source of weight is expected to be the solar canopy, incorporated into the design 

highlighted in Figure 2. Estimates show that the weight of typical residential panels is about 11 kg/m2 

(24.3 lb/m2) [40]. That brings the total for the solar installation to 1456 kg (3210 lb) to provide 

approximately 165 kWh of energy per day based on data detailed in Section 3.5. To add in the solar 

canopy, the battery would have to be decreased in size by 234 kWh. Due to the unpredictability of 

the amount of solar-generated per day due to clouds, time of year, and other factors, it would not be 

advantageous to add solar at this time given current technology. 

 

Figure 2. Artist’s rendering of the charge trailer highlighting a 10-stall design with the solar canopy. The final 

design would target 6 stalls. 

4. Cost Analysis and Feasibility 

Most of the parts for a trailer like the one discussed can be bought off-the-shelf with the sole 

exception of the DC-to-DC converter. Batteries and solar panels – if equipped – are readily available 

for purchase. 

To determine the number of battery cells that are required to meet a specific cube voltage, the 

following equation should be used: 

                                                            𝐶𝑆 =
𝑉𝐷

𝑉𝐶
. (4) 

Here, the number of cells needed in series (Cs) is calculated by dividing the desired voltage (VD) 

by the voltage of an individual cell (VC). Thus, each Power Cube would need 125, 3.2 V LFP cells 

wired in series for a nominal voltage of exactly 400 V. For cubes installed in a trailer without solar, 

the total weight would be limited to 3780 kg per cube to meet the restraints discussed in Section 3.1. 

This would allow for approximately 10.25 blocks wired in parallel, calculated using: 

                                                                     CB =
WCube

WC × CS
. (5) 

The number of cell blocks (CB) is calculated using the maximum weight of each cube (WCube), the 

weight of a single cell (WC), and the number of cells needed in series (CS). 

With current technology, each block would contain 150 Ah for a total energy capacity of 

615 kWh per cube. Given the price of $83 per battery [41], the cost of the battery for each cube is 

estimated to be $106,000. For six total cubes per trailer, the cost of batteries is estimated to reach 
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$636,000. For this design of the trailer, the battery would be the only major known cost source. The 

estimated cost for a standard trailer is $40,000, with a refrigerated trailer estimated to be $60,000 [42]. 

Since the CCS cables used for the trailer can be standard, off-the-shelf units, the price is estimated to 

be $5,500 per cable, bringing the total for CCS cabling up to $33,000 [45]. Custom work would need 

to be done to build the cubes, the rail mounting system, and make use of the refrigerated trailer’s 

HVAC system to cool and heat the battery coolant through the custom backplane. 

If a user were to add the solar canopy, the total capacity of the trailer would decrease by 

234 kWh, reducing the cost of the batteries by $40,000. However, as discussed in Section 3.4, the solar 

comes at a cost of $56,000.  

Either option would cost a minimum of $730,000 before custom fabrication. Given that Electrify 

America (EA) charges an average of $0.56 per kWh [43], barring any other expense such as the 

equipment and electricity to charge the trailer, the trailer would need to dispense 1.25 GWh of energy 

before it would break even given the current cost of batteries. This would take two consecutive years 

of usage per the usage rates calculated in Section 3.2. 

When compared to the cost of a grid-connected DCFC, the feasibility of a trailer like the one 

proposed begins to make more sense. In their attempt to plug charging holes in their most important 

travel corridors, the State of California found that an off-grid, self-supporting DCFC station could 

cost as much as $858,000 [44]. For rural sites that were able to be connected to the grid, the cost was 

lower but nevertheless considerable: $122,000 to $440,000 per station [44]. In these rural situations 

where the chargers may never be at full capacity and take years or longer to generate profit, it might 

make sense for CPOs to go with a mobile approach such as the one outlined in this paper. 

5. Conclusions and Future Research 

This paper outlined and discussed the design of a novel EV DCFC integrated into the trailer of 

a semi-truck. With this design, charge point operators would be able to move a charger to where it is 

needed, allowing for greater flexibility than a stationary charging site. Different battery capacities 

were discussed and compared based on energy density and overall safety, with a choice made in 

favor of LFP cells. As novel battery technologies reach maturity, future updates could increase the 

energy density or reduce the cost of this project. The feasibility of integrating solar canopy into the 

mobile DCFC design is analyzed with a conclusion that it would not be advantageous to add solar at 

this time given current technology. Cost analysis shows the feasibility of the proposed concept and 

design, especially considering rural areas, high-traffic holiday seasons, and emergencies. More work 

is needed to fully recognize the components needed for the trailer, such as the DC-to-DC converter 

to match the trailer voltage to the voltage of the EV charging. 
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