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The Solar Futures Study and Supporting Reports 
The Solar Futures Study, initiated by the U.S. Department of Energy Solar Energy Technologies 
Office and led by the National Renewable Energy Laboratory, envisions how, over the next few 
decades, solar could come to power 40% or more of U.S. electricity demand, dramatically 
accelerating the decarbonization of buildings, transportation, and industry.  

Through state-of-the-art modeling, the Solar Futures Study is the most comprehensive review to 
date of the potential role of solar in decarbonizing the U.S. electric grid and broader energy 
system. However, not all the detailed analysis that informed the Solar Futures Study could be 
included within its pages. This further analysis is collected in additional National Renewable 
Energy Laboratory reports, each dedicated to a different technology or socioeconomic concern. 

This report, Maximizing Solar and Transportation Synergies, focuses on opportunities to enable 
greater PV use across the transportation sector. 

The Solar Futures Study Reports 

• Solar Futures Study (main report) 
• Research Priorities for Solar Photovoltaics in a Decarbonized U.S. Grid 
• The Role of Concentrating Solar-Thermal Power Technologies in a Decarbonized U.S. Grid 
• The Demand-Side Opportunity: The Roles of Distributed Solar and Building Energy Systems in a 

Decarbonized Grid 
• Maximizing Solar and Transportation Synergies 
• The Potential for Electrons-to-Molecules Using Solar Energy  
• Affordable and Accessible Solar for All: Barriers, Solutions, and On-Site Adoption Potential 
• Forthcoming Environment and Circular Economy Report 

You can learn more about the project and reports on the NREL website at 
https://www.nrel.gov/analysis/solar-futures.html. 
  

https://www.energy.gov/eere/solar/solar-futures-study
https://www.nrel.gov/docs/fy21osti/80505.pdf
https://www.nrel.gov/docs/fy21osti/80574.pdf
https://www.nrel.gov/docs/fy21osti/80527.pdf
https://www.nrel.gov/docs/fy21osti/80527.pdf
https://www.nrel.gov/docs/fy21osti/80779.pdf
https://www.nrel.gov/docs/fy21osti/78719.pdf
https://www.nrel.gov/docs/fy21osti/80532.pdf
https://www.nrel.gov/analysis/solar-futures.html
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Executive Summary 
We identify the technological and market pathways that will enable better use of photovoltaic 
(PV) electricity as fuel for future transportation demand. Most of the pathways identified will 
require collaborative research and development (R&D) efforts to improve the capabilities of 
multiple technologies, including PV, energy storage, vehicles, electrolyzers, electrofuels, and 
infrastructure (see Figure ES-1).  

We find that for plug-in electric vehicles (PEVs), technologies that enable wide-scale managed 
and coordinated charging are among the highest priorities for continued research, development, 
and deployment in the near term. Furthermore, managed and coordinated charging capabilities 
are foundational for future vehicle-to-grid (V2G) functionality in the long term. Vehicle batteries 
that can withstand a higher number of charge cycles are also needed for V2G approaches that 
store excess PV generation and discharge it back to the grid. Higher-powered batteries could 
enable faster charging and improved alignment of charging loads with PV generation.  

For hydrogen fuel cell electric vehicles (FCEVs), the use of PV electricity for electrolysis 
provides an opportunity to increase PV deployment. Specifically, flexible electrolyzers needed 
for hydrogen fuel production can help decrease peak grid load, reduce PV curtailment, and 
increase PV energy prices by providing an effective price floor for PV electricity sales. However, 
electrolyzers do not have access to wholesale electricity markets, which poses a barrier to fully 
maximizing PV deployment. With respect to vehicle technology advancements, FCEVs have the 
potential to support higher levels of PV penetration by acting as a flexible power generator and 
providing electricity back to the grid. Other long-term priorities for increasing the use of PV for 
hydrogen vehicles include the development of breakthrough technologies for liquefaction and 
hydrogen storage, as well as the buildout of hydrogen delivery and dispensing infrastructure. 

For rail, air, and maritime transportation, the feasibility of increased PV use varies in the near 
term; opportunities for synergies with solar include the electrification of rail, increased reliability 
from airport microgrids, and switching from heavy fuel oil to clean maritime electrofuels made 
from PV-based hydrogen. Over the longer term, battery swap stations for electric airplanes and 
the co-location of solar with hydrogen fueling stations at shipping ports may enable greater 
synergies between PV and transportation.  
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Figure ES-1. Important opportunities for maximizing PV and transportation synergies 
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1 Introduction 
Solar photovoltaics (PV) provide a carbon-free source of electricity that may be used across the 
transportation sector—including in light-duty vehicles (LDVs), medium-duty vehicles (MDVs), 
heavy-duty vehicles (HDVs), and micromobility, as well as rail, air, and maritime applications. 
The use of PV for transportation will become especially important as the U.S. transportation 
system becomes increasingly electrified and less dependent on fossil fuels and internal 
combustion engine (ICE) technologies. According to the U.S. Energy Information 
Administration's Reference case, U.S. plug-in electric vehicle (PEV) adoption will grow from 2 
million vehicles in 2020 to just over 13 million in 2035, and hydrogen fuel cell electric vehicles 
(FCEVs) will increase from 7,000 to 14,000 over that same period (U.S. Energy Information 
Administration 2021). The increase in electric and hydrogen transportation could significantly 
impact the future electricity system, as power system planners and utilities seek to build the 
generation and infrastructure needed to meet growing transportation load and possible higher 
peak demand. Optimizing the temporal alignment between midday PV production and 
transportation energy demand will be a top priority for maximizing the use of PV generation 
across the future transportation system. Advancements in managed charging and electrolysis, 
vehicle-to-grid (V2G) applications, and new market and policy mechanisms will be needed. 

Over the next decade, the use of PV for vehicle charging and hydrogen fuel production can 
reduce transportation-sector greenhouse gas (GHG) emissions, thereby mitigating associated 
climate change impacts. The transportation and power sectors are the largest contributors to total 
anthropogenic GHG emissions, accounting for 28% and 27% of total emissions, respectively 
(U.S. EPA 2018). Today, carbon-intensive fuels, such as gasoline and diesel, account for over 
90% of fuel used across the U.S. transportation sector. The shift away from ICE technologies to 
PEV and hydrogen fuel cell technologies could reduce GHG emissions substantially. Compared 
to ICE vehicles, electric and hydrogen fuel cell vehicles produce, on average, 29% and 19% 
fewer life cycle emissions, respectively (IEA 2020b). However, to realize the full potential of 
PEV and hydrogen fuel cell transportation in mitigating climate change, reducing the GHG 
intensity of power generation through increased PV and other low-carbon resources will be 
required.  

LDVs currently present the greatest opportunity for GHG reduction in the transportation sector 
because they account for more than half of transportation GHG emissions. In terms of GHG 
emissions, LDVs are followed by MDVs and HDVs (23%), aircraft (9%), trains (2%), and ships 
and boats (2%) (US EPA 2018). While rail, air, and maritime applications represent a relatively 
small share of total transportation sector emissions, PV can play an important role in the deep 
decarbonization of these sectors by enabling the production of carbon free electrofuels (e-fuels).  

In this report, we discuss the potential for PV to support decarbonization of the future 
transportation system. We identify the technological and market pathways that will enable better 
use of PV electricity as fuel for future transportation demand. Most of the pathways identified 
will require collaborative research and development (R&D) efforts to improve the capabilities of 
multiple technologies, including PV, energy storage, vehicles, and infrastructure. This report is 
structured as follows. Section 2 explores opportunities and challenges for PV and electric LDVs 
and HDVs. Section 3 focuses on PV and the infrastructure needed to produce e-fuels, primarily 
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hydrogen. Section 4 explores PV and opportunities for rail, air, and maritime transportation. 
Section 5 summarizes key findings and potential areas for future research. 

2 Opportunities and Challenges Related to PV and 
Plug-In Electric Vehicle Synergies  

PEVs include plug-in hybrid electric vehicles (PHEVs), which rely on both an internal 
combustion engine and batteries to power an electric motor, and battery electric vehicles (BEVs), 
which derive all their power from electricity and thus require larger batteries. BEVs produce zero 
tailpipe emissions and reduce GHG emissions, especially when charged with a low-carbon 
electricity supply.  

PV can be used to charge PEVs directly or indirectly (Figure 1). For direct charging, the electric 
vehicle supply equipment (EVSE) is coupled with a PV system; thus, charging is limited to 
onsite PV generation during the day. Direct PV charging configurations often require a stationary 
battery for storing PV electricity. This ensures that electricity is utilized even if it is produced 
when the car is not plugged in or capable of charging at the same rate that the PV is producing 
electricity. For indirect PV charging, the EVSE draws on PV generation supplied through the 
grid. Today, indirect charging is more common because it has greater timing flexibility than 
direct charging without storage and is more cost-effective than direct charging with storage. 

 
Figure 1. Example PV charging configurations: direct (left) and indirect (right) 

BEV charging times vary widely, from less than 30 minutes to more than 20 hours, depending on 
the type of vehicle and EVSE used (U.S. Department of Energy 2017). PHEVs often have 
shorter charging times owing to the smaller batteries used. For all PEVs, charging is impacted by 
the availability of charging infrastructure. More than 80% of charging events occur at home, 
mostly in the evening, after PV production has peaked for the day (U.S. Department of Energy 
2017). 

PV and electric vehicle technologies continue to gain market share, but they represent a small 
fraction of total U.S. electricity generation and car sales. Solar energy provides approximately 
2% of total U.S. electricity (U.S. Energy Information Administration 2020), while electric 
vehicles represent 1.8% of all new passenger vehicles sold annually (Edison Electric Institute 
2019) and 0.6% of LDV stock (IEA 2020a). In addition, these two technologies are typically 
planned for and deployed separately, without consideration of the synergies between the two. 
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As markets for electric vehicles and related charging infrastructure mature, there will be 
significant opportunities for synergistic PV growth.  

In this section, we use Solar Futures Study scenario analysis and modeling results to explore a 
future with high penetration of PV and electric vehicles. We also rely on literature-based 
research and interviews with PV and transportation experts to identify priority technology and 
deployment barriers to realizing this high-penetration future, as well as potential solutions.  

2.1 Exploring the Future of PV and Electric Vehicles via Scenario 
Analysis and Modeling 

The Solar Futures Study examines the role of solar energy in scenarios with decarbonized U.S. 
electricity grids, including under high-electrification futures. The analysis examines the 
necessary changes to the power system, interactions between solar and other clean energy 
technologies, cost and emissions implications, and grid-integration challenges and opportunities 
under decarbonized systems. The Solar Futures Study focuses on three core scenarios—
Reference, Decarbonization (Decarb), and Decarbonization with Electrification (Decarb+E)—
summarized in Figure 2 (see the DOE 2021 for further discussion of the modeling approach, 
assumptions, and results). 

 
Figure 2. Framework for the Core Solar Futures Study Scenarios 

 
Here, we compare PV and electric vehicle deployment across the three core scenarios (see 
Table 1). The Decarb+E scenario assumes enhanced demand flexibility and considers various 
opportunities for electrification, including all modes of on-road transportation, through 2050.1 

 
 
1The Decarb+E scenario assumes end-use electrification beyond the level in the Annual Energy Outlook 2020 
Reference case, reaching the level envisioned in the Electrification Futures Study (EFS) “High Electrification” 
scenario (Mai et al. 2018b, Murphy et al. 2021). The Decarb+E scenario also includes exogenously specified 
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Under the Decarb+E scenario, modeled annual U.S. electricity consumption grows from 3,900 
TWh in 2020 to 4,900 TWh by 2035, and to 6,700 TWh by 2050. Electrification of the 
transportation sector accounts for approximately half of the increased annual demand from 2020 
to 2050. Compared to the Reference scenario, modeled annual transportation electricity 
consumption in the Decarb+E scenario is 11 times higher by 2035 and 12 times higher by 2050. 
Meeting the tremendous scale of this envisioned load growth with variable renewable energy, 
including PV, will require transformational advancements in grid management, transmission, 
distribution, and other technologies. New policies, market structures, and regulations will also be 
needed. 

Table 1. Plug-In Electric Vehicle and PV Deployment Under Solar Futures Study Core Scenarios 

Scenario Reference Decarb Decarb+E 

2035 PEV deployment 13 million 13 million 123 million 

2050 PEV deployment 28 million 28 million 250 million 

2035 solar PV deployment 375 GW 759 GW 995 GW 

2050 solar PV deployment 674 GW 1,050 1,570 GW 
 
Both the Decarb+E scenario and the Reference scenario represent an increase over the 1.5 
million PEVs in the United Sates in 2020 (U.S. EIA 2020). Under the Decarb+E scenario, 
the vast majority2 of LDVs, MDVs, and HDVs are electric by 2050, with the total U.S. stock 
reaching 123 million by 2035 and 250 million by 2050 (Table 1). Alongside this electric vehicle 
growth, solar capacity increases from 85 GW in 2020 to 995 GW in 2035 and to 1,570 GW in 
2050. In the absence of new policies under the Reference scenario, solar capacity reaches 375 
GW in 2035 and 674 GW in 2050. In contrast, under the Decarb scenario, solar capacity 
increases to 759 GW and 1,055 GW in 2035 and 2050, respectively. This implies that, for every 
PEV, 2.3 kW of new solar capacity is needed to provide zero-emissions electricity.3 The growth 
in electric vehicles and solar generation offers potential synergies between the two technologies, 
because midday solar generation can be used for vehicle charging. However, technological and 
deployment challenges must be overcome to realize the full potential for these two technologies 
to work in tandem. 

 
 
flexible loads from the EFS “enhanced” flexibility case (Sun et al. 2020, Murphy et al. 2021). The amount of 
flexible load varies over time, constituting 17% of total load in 2050 under the Decarb+E scenario. 
2 Under the Decarb+E scenario, 88% of light-duty cars, 81% of light-duty trucks, 94% of buses, 52% of medium-
duty trucks, and 37% of heavy-duty trucks on U.S. roads in 2050 are PEVs (Mai et al. 2018). 
3 This estimate is based on the difference in electric vehicles and solar capacity between the Decarb and Reference 
demand scenarios—both specifying a decarbonization target for the power sector. The incremental solar capacity 
can be used to serve newly electrified demand across multiple sectors, so the attribution to PEVs is imperfect. 
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Figure 3. Modeled on-road vehicle stock from 2017–2050, by technology type, based on the Solar 
Futures Study Decarb+E scenario (Mai et al. 2018). “Other” includes hydrogen, natural gas, and 

propane fuel types.  

2.2 Synergies Between High-Penetration PV and PEVs: Technology 
Challenges and Opportunities  

Here, we first discuss priority PV technology advancements needed for increasing PV and 
electric vehicle synergies. We then identify transportation technology pathways essential to 
maximizing the use of PV generation for vehicle charging. In general, a limited number of 
pathways can be achieved through PV advancements alone; solutions across multiple 
technologies—including storage, communication, charging infrastructure, and vehicles—will 
be required.  

2.2.1 PV Technology Advancements for Electric Vehicles 

2.2.1.1 On-Vehicle PV  
Vehicle-mounted PV could power electric vehicles without a grid connection, thereby mitigating 
potential grid impacts from vehicle charging loads. Experimental design competitions have 
demonstrated the technical feasibility of PV-powered vehicles traveling 1,864 miles over 4–7 
days (Bridgestone 2020). However, real-world vehicles face challenges that competition vehicles 
do not, including the need to fit numerous passengers and cargo, haul much more weight, adhere 
to safety standards, and drive energy-intensive routes with many stops and accelerations. Today, 
three4 commercially available LDV models have on-vehicle PV, which yields an additional 1.8–
2.2 miles traveled per day (Verger 2020). For on-vehicle PV to be economically feasible, 
R&D to extend the daily PV-powered driving range is needed. A recent Toyota pilot and 
demonstration project resulted in on-vehicle PV that produced 4.8 times more electricity than the 
commercially available model (Toyota 2019), extending the daily PV-powered driving range by 
8.6 miles. If this same pilot vehicle used record-breaking PV with a conversion efficiency of 
47%, the daily PV-powered driving range could be extended to 12 miles (Geisz et al. 2020). 
This is almost the entire one-way distance (12.7 miles) of the average U.S. car commute 
(National Highway Traffic Safety Administration 2017). 

 
 
4 These three vehicles are the 2011–2012 Fisker Karma, the 2017 Prius Prime, and the 2019 Hybrid Hyundai Sonata. 
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Long-haul trucks could provide an even more promising application for on-vehicle PV, because 
they have much greater surface area. However, electric long-haul trucks are not yet 
commercially available and will require significant advancements to be cost-effective. Today, 
the most viable application of on-vehicle PV is to power the truck’s heating, ventilation, and air 
conditioning system instead of idling the diesel engine. Preliminary evidence shows substantial 
fuel savings, largely because idling the diesel engine to power auxiliary loads is highly 
inefficient (Roeth 2020). 

Today’s PV technologies are generally not well suited or cost-effective for on-vehicle 
applications. Vehicular PV must be flexible, to allow for compatibility with aerodynamic 
contours, and it must have a specific power high enough to supply meaningful energy relative to 
a vehicle’s surface area and weight. For example, crystalline-silicon PV—the most prominent 
PV technology today—is rigid and not well suited for on-vehicle PV in terms of weight and 
specific power requirements. Thin-film cadmium telluride also has limited specific power 
because it is spectrally mismatched for high-efficiency multijunction PV devices. Although III-V 
PV technologies may be technically well suited for vehicular PV systems, they are costly and 
have been primarily used for space applications. 

All-perovskite tandems are an emerging PV technology with the potential to be highly flexible, 
lightweight, efficient, and affordable. With efficiencies of 25% or higher and semiconductor 
layers thinner than 2 µm, all-perovskite tandems could achieve a specific power similar to III-V 
technologies, but at less than 1% of the cost ($100/W for III-Vs vs. $0.50/W or less for all-
perovskite tandems) (Figure 4). If technical challenges can be overcome—particularly related to 
long-term stability—these all-perovskite tandems have the potential to be a viable option for on-
vehicle PV applications in the coming decades. Assuming the use of 30%-efficient all-perovskite 
tandems, electric vehicle range could be extended by approximately 30 miles per day.5 Beyond 
efficiency and weight improvements, R&D that increases solar conversion at suboptimal angles 
could increase the eligible surface area for mounting productive PV modules on vehicles. 

 
 
5 Key assumptions and calculations are as follows: average surface area = 7 m2, average useful area = 3.5 m2, PV 
module efficiency = 30%, daily sun availability at 1 sun = 9.72 hours, average PV power = 1,050 W, average PV 
energy per day = 10.21 kWh, energy used per 10 miles of driving = 3.3 kWh, and range extension per day = 30.9 
miles. 
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Figure 4. Estimates of specific power (power-to-weight ratio) vs. module cost for single-junction 

and tandem PV technologies 
Source: (Reese et al. 2018) and internal NREL analysis from industry data 

2.2.1.2 PV Parking Canopies 
Direct vehicle charging via PV installed on parking canopies provides many benefits, including 
extension of daily driving range, reduced need for land in space-constrained areas, and shade and 
protection for vehicles and equipment. In addition, pairing PV parking canopies with workplace 
charging programs takes advantage of the fact that commuters are parked at work during the 
most irradiant times of day. 

Data are scarce, but one study showed that, on a sunny 80°F day, parking in the shade all 
morning reduced cabin temperature by 32°F in a Ford Focus Electric compared with parking 
in the sun (Jeffers, Chaney, and Rugh 2015). This saved 1.2 kWh from the air conditioner load 
needed to bring the cabin temperature down to comfortable levels over 20 minutes (average 
commute time), which effectively reclaims about 4 miles of range. This distance is one sixth 
of the average roundtrip U.S. commute. More studies must be done with more vehicles under 
a wider variety of conditions, but this study provides an estimate of how much electricity can 
be saved in areas with ample solar resources. Such a benefit would only be realized in hotter 
locations and months—and commute vehicle miles traveled (VMT) constitutes only about 30% 
of total VMT—so the impact of shading is relatively small. However, because the technology 
and the markets for it are mature, and because it is already being deployed, PV parking canopies 
represent an opportunity for PV and transportation synergies in the near term. 

The balance of system costs for PV parking canopies may be higher when compared to ground-
mount or traditional roof-mount PV systems. While system designs may differ significantly 
across installations, PV parking canopies typically require taller mounting frames, a steel metal 
foundation, and use of heavier-gauge structural steel for column construction. Advancements 
to reduce the balance of system costs for PV parking canopies may help improve the economic 
viability of siting charging infrastructure alongside solar parking structures. 



8 
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications. 

2.2.1.3 Power Electronics for Avoiding Conversion to Alternating Current 
PV produces direct current (DC), and car batteries charge with DC. However, all charging 
stations—even DC fast charging stations (DCFCs)—require alternating current (AC) to operate. 
DC-to-AC inverters have an approximate 13% efficiency loss (Myers 2020). Common LDV 
onboard chargers have demonstrated efficiency losses of 13% when charging on Level 2 stations, 
and DCFCs for HDVs have demonstrated efficiency losses of around 9% (Lohse-Busch 2012; 
Eudy and Jeffers 2017; 2018). Combining the efficiency losses gives an overall efficiency loss of 
about 26% for LDVs and 22% for HDVs. The losses could be mitigated by charging electric 
vehicle batteries with DC electricity directly from the PV. 

The technology needed to directly couple PV to electric vehicles without converting to AC 
includes a DC-DC converter to ensure appropriate voltage, stationary storage, and a charger 
management system (Ashique 2017). Pilot projects, including projects using a DC microgrid, are 
demonstrating the feasibility and efficiency of this technology. However, the efficiency savings 
are only attainable when the sun is shining and when vehicles are plugged in and need a charge. 
This technology could be well suited to workplace charging situations where vehicles are parked 
most of the day. The impact could be increased by pairing with charge management that only 
uses AC from the grid as a last resort to provide range when the vehicle must leave at the end of 
the day, as reported by the vehicle driver. 

2.2.2 Multi-Technology Advancements for Electric Vehicles 
Here, we first examine the Solar Futures Study Decarb+E scenario to illustrate the importance of 
managed and coordinated charging for maximizing the use of PV electricity in vehicle charging. 
We then describe the advancements needed for managed and coordinated charging. Finally, we 
provide an overview of end-of-life solutions for increasing synergies between PV and electric 
vehicles. 

2.2.2.1 Managed and Coordinated Charging to Maximize PV Use for Electric 
Vehicle Charging 

Increased electric vehicle charging can result in uneven increases in electricity demand if 
appropriate policies, rate designs, specific programs, and charging infrastructure at daytime 
parking locations are not in place. Typical light-duty charging behavior increases peak demand, 
as many vehicle owners return home to charge in the evening. For grids with high PV 
penetration, the need to balance supply and demand becomes especially pronounced in the 
evening, as the solar resource diminishes during this evening peak. Concentrating high power 
demand over a short period may pose operational challenges for load-serving entities and can 
exacerbate the need for generators to quickly ramp up energy production when PV generation 
falls. This steep production ramp may increase grid emissions by causing higher-emitting peaker 
plants to serve load (Burlig et al. 2020).  

The Decarb+E scenario assumes 51% of transportation load is flexible in 2050, with flexibility 
provided through vehicle owner participation in demand response programs, increased 
availability of managed and coordinated charging, and other measures. Figure 5 illustrates 
modeled 2050 hourly load and PV generation for the Decarb+E scenario and compares load 
without transportation flexibility to load with transportation flexibility. The figure depicts 2050 
demand across the entire United States during the week when the highest net load occurs for the 
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year (November 14th). The net load, or total demand less all variable renewable generation, 
indicates the remaining demand that must be met by dispatchable resources. Large net-load 
ramps, shown in solid blue in Figure 5, are particularly challenging for grid systems to meet. 
Transportation flexibility helps reduce the steepness and magnitude of these net load ramps, even 
though it may potentially increase the overall demand peak for a particular day. In the Decarb+E 
scenario, absent flexible transportation demand, the net load differential between when the 
lowest net demand occurs (2 p.m.) and when the peak net demand occurs (6 p.m.) is more than 
800 GW. When transportation flexibility is added, the magnitude and steepness of the ramp 
decline, with the magnitude decreasing from 814 GW to 567 GW and the average ramp rate 
between 2 p.m. and 6 p.m. decreasing from 203 MW/hr to 125 MW/hr. 

  
Figure 5. Modeled 2050 hourly load and PV generation for the Solar Futures Study 

Decarb+E scenario  

 
Managed and coordinated charging distributes charging events more evenly across off-peak 
hours or times of peak renewable energy production, thereby minimizing grid stress and 
maintaining grid stability. Managed and coordinated charging is one of the most important 
strategies for realizing the potential benefits and synergies of electric vehicle and PV 
deployment. It is also essential for advancing future V2G approaches that use the bidirectional 
capabilities of vehicle batteries to store excess PV generation and supply the grid with electricity 
and ancillary services. Today, various software and other technological solutions for managed 
and coordinated charging are under development or in early phases of deployment. Although a 
comprehensive evaluation of managed and coordinated charging options is outside the scope of 
this report, Table 2 summarizes example strategies. 
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Table 2. Examples of Managed and Coordinated Charging Strategies for PEVs 

Managed/Coordinated 
Charging Strategy Description 

Delayed charging Timer and software allow electric vehicles to be charged at a 
predetermined time to stagger charging and shift load. 

Regulation of power draw Peak demand is reduced by managing and reducing the amount of 
instantaneous power each electric vehicle draws. 

Disabled charging Peak demand is reduced and shifted by eliminating the ability of select 
electric vehicles to charge during certain times. 

Price signals Price signals, such as time-of-use (TOU) pricing, reduce costs for vehicle 
owners to charge at times of low demand or high PV production. 

2.2.2.2 Communications Protocols for Managed and Coordinated Electric Vehicle 
Charging 

Today, the simplest technologies for shifting vehicle charging loads are charge timers that 
owners use in conjunction with demand charge data and time-varying pricing schemes, such as 
time-of-use (TOU) pricing. Charge timers are mature and commonly available, but they can 
result in a “rebound peak” that increases peak load when many vehicle owners charge 
concurrently at the start of a specified timeframe (Myers 2020). “Smart chargers,” or vehicles 
enabled with communication capabilities, can adjust charging current, timing, and duration based 
on signals from the utility. Second-generation technologies are enabling utilities to better align 
charge timing with grid needs. As of 2019, there were 38 utility-run managed charging pilot and 
demonstration projects (Myers 2020). Alternatively, charging can be actively controlled by 
facility managers, aggregators, or network service providers (NSPs). NSPs specialize in 
coordinating information about charging events, and 80% of NSPs are already equipped with 
managed charging capabilities (Myers 2020). 

Utilities can directly communicate with and control charging through an NSP, the charging 
equipment, and the vehicle. Most (71%) of utility-run pilot projects have targeted the charging 
equipment (Myers 2020), although direct communication between the utility and the vehicle has 
been shown to increase renewable energy use (Julia Pyper 2020). The hardware and software 
needed for managed charging are largely developed and available. However, standardized 
communications protocols are needed. Today, few utilities include electric vehicle load as part 
of a managed technology portfolio, and they use several different open communications 
standards. A standardized language that enables the utility to coordinate charging as part of a 
demand response program could support the alignment of charging with PV production and 
provide beneficial grid support as PEVs increase. Some form of compensation or direct customer 
benefit might be needed to animate participation in managed charging, either through a one-time 
participation payment or a recurring payment. 

2.2.2.3 Vehicle Technologies to Increase Charge Speed and Flexibility 
Increasing charge speed and flexibility enables vehicle demand to more accurately match PV 
supply, thus reducing the need for intermediate electricity storage. When paired with managed 
charging, vehicle batteries with a greater range of charge rates provide greater load flexibility. 
The batteries of most contemporary PEVs in the United States can accommodate EVSE power 
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ranging from 1.4 kW (Level 1) to 50 kW (standard DCFC) while still achieving the warrantied, 
minimum battery life of eight years (or 100,000 miles) required by federal law.6 Greater 
charging speeds can further increase flexibility, but charging current batteries at substantially 
greater speeds reduces battery life, owing to the deleterious effects of dissipated heat and lithium 
plating (Oberhaus 2020). 

There is currently a major R&D effort to increase the maximum charge rate of batteries to 350 
kW and higher through new battery chemistries, configurations, thermal management, and 
charging algorithms (Tomaszewska et al 2019). When batteries that can charge at 350 kW 
become commercially available, infrastructure and charging locations will already be established 
to charge at that speed. Electrify America, which has plans to install 3,500 DCFCs by December 
2021, is installing DCFCs capable of charging up to 350 kW near highways (Tubman 2018). 
To date, 294 of these 350-kW chargers have been installed (U.S. Department of Energy 2021a). 
These fast chargers can ratchet down the power output based on the capabilities of individual 
cars and the real-time battery state of charge. Future fast chargers may also adjust power output 
based on the production of connected PV, which would improve matching of vehicle charging 
loads with PV production. 
 
Although rapid progress is being made through high-power battery R&D programs, significant 
improvements to grid infrastructure that enable high-power charging will be needed to maximize 
the impact of battery advancements (especially if numerous chargers are co-located). Today, 
over 80% of charging events occur at homes where high-power charging is unavailable, and a 
significant portion of non-residential charging occurs at grid locations that cannot support high-
power charging (U.S. Department of Energy 2020a). 

2.2.2.4 Battery Technologies to Withstand Extensive V2G Applications  
V2G technologies may enable higher levels of PV penetration by using electric vehicle batteries 
to store excess PV generation and then discharging that stored electricity to the grid when 
needed. The additional hardware required for V2G includes bidirectional inverters that allow the 
DC electricity in the battery to flow back to the grid as AC. This technology is available today, 
though battery degradation, and the resulting need for more frequent battery replacement, poses 
a significant barrier to V2G cost-effectiveness (Richardson 2013; Wang et al. 2016). With 
today’s commercially available technologies, providing extensive V2G services7 would require 
purchasing an oversized battery or shortening battery longevity, both of which erode the 
economic viability of V2G. Incremental improvements to lithium-ion or lithium-iron phosphate 
batteries could enable an appropriately sized battery to be used for V2G while maintaining full 
battery life. The Million Mile Battery R&D Initiative recently announced industry development 
of a battery that can withstand 1.24 million miles of travel—an eightfold increase in the distance 
covered under current vehicle battery warranties. This new battery costs 10% more than vehicle 
batteries commercially available today, but it can withstand significantly more charge cycles 
(Bloomberg 2020). Continued industry advancement toward more durable battery technologies 

 
 
6 For a typical driver, battery life often extends well beyond the warranty period of eight years required by 
federal law. 
7 For the purposes of this report, we rely on Wang et al. (2016) and define ”extensive” as more than two hours 
per day. 
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increases the feasibility of V2G applications and the potential to increase PV use for 
transportation. For a more in-depth discussion of battery technology R&D and storage 
deployment, see the Solar Futures Study main report (DOE 2021). It should be noted that beyond 
the V2G hardware and battery technologies mentioned in this section, additional regulations will 
likely be needed to enable V2G (California Public Utilities Commission 2020). 

2.2.2.5  End-of-Life Opportunities for Increasing PV and Electric Vehicle Synergies 

Secondary Use of Electric Vehicle Batteries as Stationary Batteries 
Today, when the capacity of an electric vehicle battery declines to 80% of its original capacity, 
the performance is insufficient for continued vehicle use, but may still be adequate for certain 
stationary storage applications (Mathews et al. 2020). Repurposing electric vehicle batteries for 
stationary storage could offer many benefits, including reduced capital costs for PV and storage 
projects. Second-life batteries could offer a 30%–70% cost savings compared to new batteries in 
applications that require less frequent battery cycling (around 100–300 cycles per year) (Engle, 
Hertzke, and Siccardo 2019). Ultimately, with the proliferation of electric vehicles, the supply of 
repurposed vehicle batteries for stationary applications could exceed 200 GWh/year by 2030 
(Engle, Hertzke, and Siccardo 2019). This supply of repurposed batteries could be made readily 
available for projects focused on energy arbitrage, in which PV energy stored during periods of 
peak production is used later in the day, thus enhancing grid flexibility. There is also a growing 
body of research indicating that reuse of vehicle batteries for large-scale stationary storage 
applications may be more feasible than previously thought. For example, consider the economics 
of a 2.5-MW PV array paired with a new lithium-ion battery system vs. an array paired with a 
repurposed electric vehicle battery with 80% of original capacity. Research has shown that the 
new battery system does not yield a favorable net return on investment; however, this same PV 
array paired with a repurposed electric vehicle battery can be operational for a decade or longer 
and is profitable when the cost of repurposed batteries falls below 60% of the original cost 
(Mathews et al. 2020). Lastly, second-life batteries could potentially offset 19% of the initial 
battery purchase cost through provision of grid services (Debnath, Ahmad, and Habibi 2014).  

To date, secondary use of electric vehicle batteries as stationary batteries has been demonstrated 
for smaller-scale projects, although implementing repurposed batteries for grid-scale applications 
will require R&D to overcome certain barriers. These barriers include the high cost of battery 
refurbishment due to variation in battery pack designs across manufactures, a lack of 
performance and quality standards for second-life batteries, and the need for vehicle battery 
designs that enable greater battery reuse. Although some automakers—including Nissan and 
Renault—have formalized plans and partnerships for reusing electric vehicle batteries in 
stationary applications, considerable R&D will be needed to fully realize the market potential for 
PV paired with second-life batteries. 

Recycling PV Modules and Electric Vehicle Batteries 
PV modules contain toxic materials, such as lead, alongside valuable and recyclable components, 
including silver and glass. These attributes have inspired an increasing number of countries to 
restrict dumping of PV modules into landfills and promote recycling programs. Owing to the 
ultra-high capacity of silicon, “Generation 3” batteries are currently being developed to use 
silicon as the anode. Because crystalline-silicon PV modules contain approximately 5% silicon, 
there may be opportunities to recover PV silicon for use in vehicle batteries (Vekony 2020). This 
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approach could reduce the energy intensity of silicon production for Generation 3 batteries while 
providing silicon that meets the high purity requirements of battery anodes. A pathway for 
recovering silicon from PV that is suitable for Generation 3 batteries has been proposed and 
proven, but further R&D is needed (Eshraghi et al. 2020). 

2.3 Non-Hardware Barriers to Co-Deployment of High-Penetration PV 
and Electric Vehicles 
Today, 45 states and the District of Columbia have some form of incentive or policy support for 
PEVs (U.S. Department of Energy 2021b). Many measures are similar to those currently offered 
for PV, including tax credits, rebates, and deployment goals. Achieving the Solar Futures Study 
scenarios will require market and regulatory advancements for PV, electric vehicles, and 
charging infrastructure. In this section, we discuss priority non-hardware barriers and potential 
approaches for overcoming them. Table 3 provides a summary. 

Table 3. Barriers to Co-Deployment of High-Penetration PV and Electric Vehicles, With Mitigation 
Opportunities 

Deployment Barriers Opportunities 

Lack of time-varying electricity 
rate structures and managed 
charging  

Utility implementation of time-varying rate structures could 
encourage greater vehicle charging during midday PV production. 

Lack of workplace charging  Increased availability of workplace charging could support greater 
use of PV electricity for charging, and managed charging 
strategies could reduce employer utility bills as EVSE deployment 
grows. 

Lack of affordable and accessible 
PV and PEVs for all communities 

Opportunities include income-qualified incentives and rebates for 
purchasing PEVs, new business models and programs that 
bundle EVSE with community solar projects, and siting EVSE in 
underserved communities. 

Lack of consistent and efficient 
permitting and interconnection 
requirements and processes  

Development and implementation of best practices for vehicle 
charging and PV permitting and interconnection is needed to 
rapidly scale these technologies.  

2.3.1 Expanding Time-Varying Electricity Rate Structures 
Time-varying electricity rate structures change the price of electricity based on when it is 
consumed and can influence vehicle owners and workplace charging programs to shift charging 
to midday, when PV energy is most abundant. Time-varying rates have potential to be especially 
effective in supporting grid stability when integrated with managed and coordinated charging. 
Specifically, staggered charging and other strategies to distribute charging events more evenly 
across a specified timeframe could help utilities avoid unintentional TOU timer peaks (see 
Section 2.2.2.2). Approximately half of U.S. investor-owned utilities offer some form of 
residential time-varying rate to encourage load reduction during peak demand periods (Hledik, 
Faruqui, and Warner 2018), and over 100 utilities have implemented time-varying rates specific 
to electric vehicles (Muratori, Kontou, and Eichman 2019). 

The peak to off-peak ratio describes the difference in pricing between the highest-priced peak 
periods and the lowest-priced off-peak periods. Some time-varying rate structures have 
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intermediate or shoulder periods when the price is set between the peak and off-peak rates. 
Electric vehicle loads are generally more flexible than other loads (Cappers, Hans, and Scheer 
2015) and thus can be highly responsive to time-varying rates. A preliminary San Diego Gas 
and Electric (SDG&E) case study tested three rates with on/off peak price ratios ranging from 
approximately 2:1 to 6:1 (Figure 6). Across the three rates, 78%–92% of PEV charging shifted 
to off-peak times (Whited, Allison, and Wilson 2018).8 Also pictured in Figure 6 is Xcel 
Colorado’s TOU rate, which applies to all residential loads rather than electric vehicle loads 
only. The Xcel rate offers longer shoulders and a shorter peak period. As PV and electric 
vehicles continue to scale, broad implementation of time-varying and other innovative rate 
structures may be needed to maximize the use of PV electricity for charging and encourage 
charging behavior that supports grid operations. 

 
Figure 6. Daily summer prices for SDG&E pilot PEV TOU rates and Xcel Colorado TOU rate 

2.3.2  Increasing Workplace Charging Access and Availability 
Workplace charging provides employees with convenient access to charging stations, and is an 
important driver of electric vehicle adoption (Slowik and Lutsey 2018). Workplace charging also 
enables greater daytime charging with carbon-free PV electricity. Today, workplace charging 
availability lags behind the anticipated growth in electric vehicles. Expanding workplace 
charging will likely be needed as commuting with electric vehicles becomes commonplace. 

Assuming employees commonly spend 8 hours per day at the workplace, sufficient availability 
of onsite Level 2 charging could extend vehicle driving ranges by over 200 miles and 
significantly reduce range anxiety for a typical commuter (Borlaug et al. 2020). Despite these 
benefits, employers considering workplace charging often cite increased utility costs as a 
concern. Charge-control and power-management systems can be used to reduce overall utility 
costs by optimizing vehicle charging and maximizing charging during times of the day when 
solar power is most plentiful. Research conducted at the National Renewable Energy Laboratory 
(NREL) campus has demonstrated that using charge-control systems to decrease charging during 
peak demand periods can decrease annualized average electricity costs by 50% (Jun and Meintz 

 
 
8 Pilots by Pacific Gas & Electric (PG&E) and Southern California Edison similarly found that customers on PEV 
TOU rates shifted 93% and 88% of PEV charging to off peak, respectively.  
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2018). Although these findings are specific to Xcel’s utility rate structures and NREL’s building 
loads, they illustrate the effectiveness of managed workplace charging to reduce employer utility 
bills. 

2.2.3 Overcoming Barriers to Equitable Adoption 
Low- to moderate-income households and communities of color have adopted PV at a lower rate. 
Between 2010 and 2018, approximately 75% of new residential PV was installed in households 
earning more than 120% of the area median income (Barbose et al. 2020). When controlling for 
income, census tracts with majority Black and Hispanic populations exhibit 30% and 69% less 
rooftop PV, respectively (Sunter, Castellanos, and Kammen 2019). Electric vehicles demonstrate 
a similar trend. In California, which has more than half the country’s electric vehicles, only 14% 
of electric vehicle owners have an annual income of less than $50,000, while 56% of owners 
earn more than $100,000 per year (Muehlegger and Rapson 2018). In 2018, only 12% of electric 
vehicle purchases were made by Hispanic and African American individuals combined, yet this 
group constitutes 45.9% of California’s population (Muehlegger and Rapson 2018; U.S. Census 
Bureau 2019). Demographic data for FCEVs is limited given the relatively small size of the U.S. 
market, and further research related to equitable adoption will be needed as the technology 
becomes more widespread. 

Addressing the historically unequal adoption of PV and clean transportation technologies across 
income and demographic groups will require new policy and regulatory approaches. Emerging 
solutions include income-qualified incentives and rebates for PEV and FCEV purchases. New 
business models and programs that bundle charging infrastructure with community solar projects 
have the potential to increase access to emissions-free charging. Community-shared charging 
coupled with PV can also help accommodate larger charging loads. Expanding vehicle 
electrification beyond single-occupancy, owner-occupied vehicles to transit vehicles and 
rideshare fleets can enable broader use of clean transportation options. Finally, charging 
infrastructure and PV must be sited in underserved communities, including at multifamily 
housing locations and in public spaces, to increase opportunities for vehicle charging and 
charging with PV (Baldwin, Myers, and O’Boyle 2020). For a more detailed discussion of equity 
considerations for solar, see the Solar Futures Study main report (DOE 2021). 

2.2.4 Implementing Best Practices for Permitting and Interconnection  
Local jurisdiction building permits and utility interconnection agreements are required for PV 
systems and electric vehicle charging stations in the United States. These requirements are 
designed to ensure the safety of installations, but navigating the complexity and variation in 
requirements across jurisdictions and utilities can add to the cost and time of project completion 
(Ardani et al 2012, Nelder and Rogers 2019). While ongoing research and other efforts have 
helped identify and advance cost reduction pathways for solar, detailed permitting and 
interconnection costs for electric vehicle charging infrastructure are not well understood. New 
research to benchmark non-hardware costs and identify cost reduction pathways for charging 
stations is needed, though preliminary research suggests strong parallels between the soft costs 
of charging infrastructure and solar (Nelder and Rogers 2019). For example, delays in obtaining 
utility interconnection approval, easements, and building permits have been identified as causes 
of increased charging infrastructure project costs or cancellation, especially for public DCFC 
locations (Nelder and Rogers 2019).  
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Continued development and widespread adoption of permitting and interconnection best 
practices can help reduce the regulatory barriers to PV and electric vehicle deployment. Best 
practices for PV have been developed and are in varying stages of adoption, whereas best 
practices for charging stations are more nascent. Ongoing NREL research suggests that measures 
to streamline PV permitting and interconnection, such as online platforms, utility hosting 
capacity maps, and automated processes, can reduce approval times and yield cost savings 
(Ardani 2015, O'Shaughnessy et al. 2020). For vehicle charging stations, interconnection 
processes and best practices differ for utility owned infrastructure and third-party owned 
infrastructure (Smart Electric Power Alliance 2020). For third-party owned systems, developers 
have cited the following emergent best practices: providing greater visibility into available 
hosting capacity, increasing communication between the developer and the utility, and 
maintaining a single point of contact at the utility (Nelder and Rogers 2019). Measures to 
increase the flow of information between utilities and developers may be especially important for 
DCFC installations coupled with storage, a relatively new technology configuration that lacks 
precedent and a standard interconnection approach (Nelder and Rogers 2020). Strategies for 
improving charging infrastructure permitting may be similar to strategies used for PV, and may 
include the development of detailed checklists to clarify requirements, guidebooks that provide 
detail on optimal permitting processes, designation programs that recognize local jurisdictions 
for adopting best practices, and harmonization of requirements within and across states. 
California, the most mature market in the United States for clean energy and transportation 
technologies, has implemented statewide efforts to improve permitting for PV and charging 
stations under Assembly Bill 2188 and 1236, respectively. Similar actions will likely be 
necessary across the United States as PV and electric vehicle adoption accelerates. 



17 
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications. 

3 Opportunities and Challenges Related to PV and 
Hydrogen Vehicle Synergies 

Fuel cell technology uses the chemical energy of hydrogen or other fuels to produce electricity 
for applications such as stationary power and transportation. For the transportation sector, 
hydrogen proton exchange membrane (PEM) FCEVs could provide many benefits, including fast 
refueling, long range, high payload, and zero tailpipe emissions. When using hydrogen produced 
via water electrolysis powered by renewable energy, FCEVs have near-zero life cycle emissions. 
This form of “green hydrogen” is becoming increasingly cost-competitive as the price of wind 
and PV electricity continues to decline.  

Today, U.S. FCEV applications include forklifts (>40,000), passenger cars (~10,000), and buses 
(>60) (Satyapal 2021). Recent analyses indicate a potential future FCEV market equilibrium of 
at least 22% market share (3.9 million vehicles) for MDVs and HDVs (Ruth et al. 2020; 
Elgowainy et al. 2020). Industry reports show further opportunities for hydrogen in rail (up to 
20% market share) (Hydrogen Council 2017), aviation (up to 25% market share) (Hydrogen 
Council 2021), and e-fuels production to help decarbonize the remaining MDV/HDV, marine, 
aviation, and rail segments. In particular, the MDV/HDV sector is poised for considerable near-
term growth (2025–2030), as organizations electrify their fleets. This sector may present 
opportunities for additional PV deployment to meet rising demand for green electrolytic 
hydrogen. To date, FCEV market adoption has been limited by high upfront vehicle prices, 
limited refueling infrastructure, and hydrogen prices that are roughly four times higher than 
gasoline prices (CARB 2020). However, low-cost electricity from PV and wind is expected to 
help make green hydrogen prices competitive with fossil-fuel derived hydrogen (which currently 
dominates the market) as soon as 2030, and potentially cheaper by 2050 (Bloomberg 2019).  

Hydrogen has been safely used by industrial, chemical, and vehicle markets across the world, 
and significant R&D has been focused on improving hydrogen safety in recent decades. The 
safety of FCEVs is demonstrated by the maximum safety rating (five stars) awarded to the 2018 
Hyundai NEXO (Euro NCAP 2018). As the hydrogen vehicle transition occurs, continued focus 
on safety in hydrogen vehicle design, operation, and infrastructure is necessary for this 
technology’s viability. 

In this section, we rely on current literature to envision a future with high penetration of PV and 
hydrogen on-road vehicles. We identify the key technology and deployment barriers to realizing 
this high-penetration future, and synthesize the potential R&D areas needed to overcome the 
barriers identified. We also draw on interviews with FCEV, transportation, and grid experts to 
identify factors that may enable or inhibit synergistic PV and FCEV deployment in the United 
States.  

3.1 Exploring the Future of PV and Hydrogen Vehicles 
Although the United States has more FCEVs than any other country, with ~10,000 in use as of 
June 2021 (Satyapal 2021), FCEVs represent a nominal share of the nation’s more than 270 
million registered passenger vehicles (U.S. Department of Transportation 2019). Less than 4% of 
the 11.4 MMT of hydrogen consumed annually in the United States is dedicated to transportation 
end uses, compared to 57% for petroleum refining and 38% for methanol and ammonia 
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production (Hydrogen Council 2019). As the market for hydrogen vehicles and associated 
fueling infrastructure matures, there will be significant opportunities for FCEV and PV growth. 

Near-term growth opportunities for PV-based hydrogen FCEVs include commercial vehicles 
(Hunter, Penev, Reznicek, Lustbader, et al. 2021; Nikola Motor 2019; Adler 2020) and heavy 
off-road vehicles (Homann 2020), because hydrogen storage cost and weight are lower and 
refueling rates are faster than PEVs. These attributes can give FCEVs longer ranges, faster 
refueling, and higher payload capacities than PEVs, and allow FCEV technology to complement 
PEV technology by serving market segments that value these attributes.  

Analysis for the U.S. Department of Energy’s (DOE’s) H2@Scale initiative estimates a future 
market equilibrium of approximately 3.9 million medium- and heavy-duty FCEVs (Ruth et al. 
2020; Elgowainy et al. 2020). This would result in 5 MMT/yr of hydrogen economic potential 
for a low-cost electrolysis scenario in a mature on-road transportation market (Ruth et al. 2020). 
Assuming that 100% of this hydrogen is created from low-temperature electrolysis with an 
electricity use of about 51 kWh/kg (NREL 2019), and assuming an 80% capacity factor to 
account for oversizing the electrolyzer to provide grid services (Wang et al. 2018), about 36 GW 
of electrolyzers would need to be built. PV could meet a significant portion of this new 
electricity load. Assuming PV (with a capacity factor of 25%) is used to meet the new electricity 
demand for hydrogen production, an additional nearly 120 GW of PV capacity could be installed 
by 2050. The electricity load and PV deployment would increase further if FCEVs were adopted 
across other transportation markets, such as non-road and off-road vehicle segments, including 
ports (yard tractors, container handlers, forklifts), heavy machinery, agriculture, and mining. The 
electricity load and PV deployment would also increase further if this hydrogen were liquefied 
and transported to vehicle refueling stations, or if hydrogen was exported outside of the United 
States to decarbonize vehicles in other countries.  

Another recent study evaluated three different future vehicle markets: all BEVs, all hydrogen 
FCEVs, and an equal market share between BEVs and FCEVs (Kiani 2020). For each scenario, 
the optimal California grid and vehicle population were co-simulated to identify opportunities 
for the grid to support vehicle electrification and for vehicles to support high penetration of 
renewable energy, including PV. Although this study focuses on California, it highlights four 
important conclusions about how FCEVs support a high-PV grid:  

• Peak load can be decreased significantly. 
• PV curtailment and electricity transmission and distribution losses can be reduced. 
• Total energy cost to the consumer can be reduced.  
• PV energy price can be increased. 

For the 50/50 BEV/FCEV scenario, peak load can be decreased (by about 30% in 2045 for the 
California Independent System Operator, compared to a 100% BEV scenario), because 
electrolyzers that create hydrogen to fuel FCEVs can operate flexibly during the day and store 
hydrogen until it is needed for refueling. When electrolyzers act as a flexible load, they 
preferentially operate when PV production is high and electricity prices and grid emissions are 
low. This increases PV capacity factors and reduces PV curtailment, and it provides an effective 
price floor for PV generation, as the electrolyzers provide a reliable source of demand. The study 
also shows that the higher PV electricity price is offset by lower costs for electricity 
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infrastructure, such as transmission and distribution, resulting in a lower total energy cost to 
consumers in the 50/50 BEV/FCEV scenario compared to the 100% BEV and 100% FCEV 
scenarios.9  

The full value proposition of widespread, low-cost PV electricity being converted into hydrogen 
for use in other sectors is difficult to quantify, owing to the complex, integrated, and cross-
sectoral modeling required. Kiani (2020) demonstrates the synergistic opportunity of flexible 
electrolysis to simultaneously support PV integration into the grid while providing low-cost, 
green hydrogen for long-duration energy storage, transportation, and industry. Improved analysis 
tools that couple multiple sectors are needed to fully quantify the value proposition of hydrogen 
electrolysis for supporting high PV penetrations. Although this is a mathematically complex task, 
it could be completed in the near term. 

Other studies evaluate the impact of FCEV deployment and how using electrolyzers for 
hydrogen production can support variable renewable energy integration in the near term (Wang 
et al. 2018). These studies show that flexible electrolyzers can reduce PV curtailment, reduce 
grid operation costs, and support PV integration (Zhang et al. 2020). However, these synergistic 
opportunities for PV and FCEVs still have R&D, demonstration, and deployment challenges to 
overcome. 

3.2 Synergies Between High-Penetration PV and FCEVs: Technology 
Challenges and Opportunities 

Achieving a significant increase in PV and FCEVs will require substantial technological 
advancements in hydrogen refueling infrastructure and FCEVs. Although there are opportunities 
for solar R&D to advance PV and FCEV synergies, they are more limited. Here, we provide an 
overview of electrolysis for hydrogen production, and then discuss the priority advancements 
needed for refueling infrastructure and FCEVs. 

3.2.1 Hydrogen Production and Use of PV  
Hydrogen can be produced at large, centralized locations before being distributed to vehicle 
refueling stations, or it can be produced at a smaller scale at refueling stations (Figure 7). 
Centralized hydrogen production is covered in the Solar Futures Study main report (DOE 2021). 
Here, we focus on hydrogen production as it integrates with the transportation sector. 

 
 
9 Converting electricity to hydrogen and back to electricity using an on-board vehicle fuel cell has a roundtrip 
efficiency of about 35%, significantly lower than using the electricity in a BEV. Increasing PV deployment or 
improving PV utilization can compensate for this efficiency loss. Kiani (2020) shows that the efficiency losses are 
primarily offset through improved PV utilization, with minimal increases in PV buildout.  
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Figure 7. Overview of centralized vs. distributed hydrogen infrastructure for refueling FCEVs 

Low-cost, renewable (green) hydrogen is critical to accelerating FCEV adoption. Currently, the 
transportation market is dominated by “gray” hydrogen, which is created from large, centralized 
plants using steam-methane reforming (SMR) of natural gas. Although current LDV hydrogen 
costs (about $16/kg) are nearly four times the cost of gasoline on a useful energy basis (CARB 
2020),10 hydrogen produced for MDVs and HDVs is much more competitive with diesel (Eudy 
2019). This is because about 88% of the LDV hydrogen cost is attributable to the small scale of 
the transmission, distribution, and dispensing network (Connelly et al. 2019). The levelized cost 
of SMR hydrogen production is about $2/kg, indicating that two things must happen to achieve 
low-cost dispensed green hydrogen: production must switch from SMR to a green hydrogen 
production process, and the levelized cost of hydrogen transmission, distribution, and dispensing 
must be decreased substantially. PV can help address both these challenges.  

PV can facilitate the switch from SMR to green hydrogen. The leading process for green 
hydrogen production is low-temperature PEM electrolysis. Current electrolyzer technology 
requires about 55 kWh/kg of electricity (NREL 2019), so hydrogen cost strongly correlates with 
electricity price. Accounting for only the marginal electrolyzer electricity use, achieving $2–
$3/kg requires an electricity price of $36–$54/MWh. The input electricity price must be lower 
than this to recover the capital and other operating expenses while maintaining a competitive 
hydrogen price. PV could solve this challenge by providing electricity to large-scale 
electrolyzers for $24–$28/MWh by 2030 and $15–$17/MWh by 2050 (Bloomberg 2019).  

PV could also reduce the high cost of hydrogen transmission, distribution, and dispensing. 
Hydrogen can be transported as a gas or converted to a liquid through liquefaction before being 
distributed. Gaseous hydrogen is typically distributed in tube trailer trucks for small quantities 
(less than about 1 tonne/day) and short distances (less than about 200 miles) or via pipeline for 

 
 
10 FCEV fuel economy is about twice as high as ICE vehicle fuel economy, which is captured in this calculation 
(Joseck and Sutherland 2015). 
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large quantities (greater than about 200 tonne/day) (Hunter et al. Forthcoming). In intermediate 
quantities, liquefied hydrogen is typically the most cost-competitive, but it requires an energy-
intensive liquefaction step (requiring about 8 kWh/kg) (Argonne National Laboratory 2020). The 
small scale of current hydrogen supply chains increases delivered hydrogen costs. As hydrogen 
supply chains increase in scale, coupling liquefaction with plentiful PV electricity could better 
utilize PV assets while decreasing hydrogen delivery costs. 

3.2.2 Use of Otherwise-Curtailed Electricity 
Hydrogen from low-temperature PEM electrolysis is energy intensive (requiring about 55 
kWh/kg), and liquefying hydrogen for delivery requires additional energy (about 8 kWh/kg). To 
provide cost-competitive green hydrogen for transportation, the electricity cost for electrolysis 
and liquefaction (plus other compression, cooling, and so forth in the hydrogen supply chain) 
must be below about $40/MWh. Electrolyzers’ need for low-cost, green electricity, combined 
with their flexibility when coupled with storage, makes them ideal for supporting high PV 
penetrations. Hydrogen production is synergistic with high PV penetrations because it improves 
PV utilization (Kiani 2020; Ruth et al. 2020) and hedges against wholesale market price 
volatility (Eichman et al. 2020). Using otherwise-curtailed PV electricity could be a near-term 
opportunity for hydrogen production across centralized and distributed supply-chain designs. 
Furthermore, there is potential to coordinate the timing of electrolysis with PEV managed 
charging strategies (see Section 2.2.2.1) to better align electricity supply and demand.  

3.2.3 MDV/HDV Hydrogen Refueling Stations: Modularity of Components and PV 
As MDV and HDV fleets begin to adopt hydrogen fuel cell technology, public stations must be 
able to start small and grow as FCEV adoption increases. Although private stations purchased by 
and dedicated to one company may be used for initial market demonstration, wide rollout of 
medium- and heavy-duty FCEVs would require public refueling infrastructure. When coupled, a 
modular system design for both the refueling station and PV system would allow these stations 
to optimize capital utilization while supporting a growing FCEV fleet. Additionally, adding PV 
in a modular way could help defer grid infrastructure upgrade costs, depending on the amount 
and location of energy required on the electricity grid. Refueling station network optimization 
can also be used to hedge against low refueling station and PV capital utilization. Current 
hydrogen refueling stations are designed for LDVs, which already have high capital costs and 
low utilization ( Jean and Achtelik 2019; Saur, Gilleon, and Sprik 2021), so R&D that enables 
modularity and incremental development with low costs would help facilitate hydrogen refueling 
station expansion and enable distributed PV rollout. 

3.2.4 MDV/HDV Hydrogen Refueling Stations 
As hydrogen refueling stations are designed and built, potential electricity demand charges must 
be understood and mitigated. Assuming a typical diesel truck station in a mature market has a 
throughput of about 800,000 gal/month (Bulk Transporter 2008) and all trucks are converted to 
FCEVs, the station would have a hydrogen throughput of about 20 tonne/day—2.5 times larger 
than the stations Nikola has proposed in early market installations (Nikola Motor 2020)—after 
accounting for the fuel economy improvement from diesel trucks to FCEVs (Hunter, Penev, 
Reznicek, Lustbader, et al. 2021). Assuming approximately 57 kWh/kg are required to produce 
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and compress the hydrogen,11 this would result in an estimated average power demand of about 
50 MW. Thus, coupling PV and storage may avoid demand charges from high power 
consumption, either from onsite hydrogen production with electrolysis or instantaneous high 
compressor loads. A gaseous hydrogen compressor of about 1 MW would be needed (Argonne 
National Laboratory 2020) for the current Class 8 tractor DOE target refueling rate of about 10 
kg/min, equivalent to a refueling time of about 6 minutes (Marcinkoski 2019). Although a recent 
analysis explores how PV can be integrated with hydrogen production via electrolysis (Eichman 
et al. 2020), refueling station process dynamics have not yet been evaluated in a behind-the-
meter optimization framework. Additionally, these large-scale refueling stations must be 
demonstrated and validated in integrated energy systems. Liquefaction may provide an 
alternative to this high refueling station energy requirement, because liquefaction would move 
the energy requirement upstream to a centralized liquefaction plant, which could be coupled with 
bulk PV power. Continued development of analytic tools for behind-the-meter optimization, 
assessment of tradeoffs between liquefaction and gaseous hydrogen supply chains, 
demonstration of refueling stations in integrated energy systems, and advanced control 
algorithms could help the demand-charge management challenge. 

Over the long term, as regional and long-distance HDVs convert to hydrogen fuel cell 
powertrains, public hydrogen refueling stations will likely be needed along major interstates. 
Although the optimal design of a U.S. hydrogen supply chain for MDVs and HDVs has not been 
evaluated in detail, companies have indicated interest in producing hydrogen at refueling stations 
on dedicated travel routes (Nikola Motor 2020). This approach has the advantage of needing to 
move water, and some fraction of the necessary electricity, rather than hydrogen. Using the same 
station assumptions described above, and including some additional assumptions,12 this equates 
to about 100 MW of PV—requiring over 800 acres of land—to support a truck stop. This is 
nearly four times the size of the largest U.S. truck stop (“Iowa 80” 2020). Such stations would 
likely be limited to remote locations or highways that have sufficient land available, unless 
breakthrough footprint reductions can be achieved. 

3.2.5 Breakthrough R&D on Liquefaction and Storage 
Producing hydrogen at refueling stations may not be economically attractive in regions where 
low-cost PV electricity cannot be coupled with electrolyzers. Alternatives to producing hydrogen 
locally include producing it centrally and liquefying it for distribution, or moving it via gaseous 
pipelines. Existing liquefaction plants are large (about 130 tonne/day of hydrogen throughput) 
and very difficult to scale down. Breakthrough liquefaction techniques that enable smaller-scale 
liquefaction may allow an earlier transition toward a liquefied hydrogen distribution system 
while maintaining low hydrogen costs. Liquefaction breakthroughs would also support PV 
integration by providing another potentially flexible load for the grid to use in addition to 
flexible electrolyzers. 

 
 
11 The energy intensity of 57 kWh/kg includes 55 kWh/kg for electrolysis plus about 1.5 kWh/kg for compression 
and 0.5 kWh/kg for other loads. 
12 Additional assumptions include 50% of electricity coming from PV (50% from the grid) (Eichman et al. 2020), 
a 25% PV capacity factor (National Renewable Energy Lab 2020), and 4.1 acres/GWh/yr (Ong et al. 2013). 
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Similarly, storing compressed hydrogen can be expensive at small to medium scales (about 
$30/kWh-AC) and requires a large footprint (Argonne National Laboratory 2020). Breakthrough 
hydrogen storage, through materials-based approaches such as metal hydrides and adsorbents 
that reduce both the cost of hydrogen storage and the geographic footprint, could further 
accelerate the deployment of hydrogen refueling stations and the simultaneous rollout of 
distributed PV at these stations.  

3.2.6 Dedicated Hydrogen Transmission and Delivery Infrastructure 
About 88% of the current light-duty hydrogen cost comes from the small scale of the 
transmission, distribution, and dispensing network. Over time, the growing FCEV fleet and 
hydrogen demand may tip investment toward the creation of a dedicated hydrogen supply-chain 
infrastructure. However, because pipelines are very capital intensive, dedicated hydrogen 
pipelines are very costly at low volumes, and are difficult to justify given uncertain future 
demand. As the cost of producing hydrogen decreases through integrated PV and electrolysis, 
the hydrogen demand may achieve a scale sufficient for low-cost hydrogen transmission and 
delivery via conventional pipelines. Additionally, R&D to support smaller, higher-pressure 
pipelines should be evaluated as a way to reduce high upfront capital costs while still building 
dedicated hydrogen infrastructure (Penev, Zuboy, and Hunter 2019). As dedicated hydrogen 
infrastructure is achieved, a low levelized cost transmission and distribution network will reduce 
the hydrogen price for FCEVs, further catalyze FCEV adoption, and accelerate the widespread 
integration of PV into the electricity grid. Finally, R&D to analyze, demonstrate, and evaluate 
hydrogen blending in existing natural gas pipelines could provide a transitional step toward a 
dedicated hydrogen pipeline network. 

3.2.7 Fuel Cell V2G 
Like BEVs, FCEVs can act as a flexible generator and provide electricity back to the grid 
(Robledo et al. 2018; Qian et al. 2020). As adoption of FCEVs increases, this flexible resource 
will become larger and more valuable. FCEVs have a total specific energy (kWh/kg) that is 
roughly four times higher than that of BEVs, which may make them highly suitable for V2G 
applications. Additionally, FCEVs—particularly in the MDV/HDV segment, which has higher 
potential market penetration—can be charged with green hydrogen created via low-cost PV. 
These vehicles may be discharged in the evening or overnight, creating an economic incentive 
for adoption, especially if hydrogen fueling times are kept low and consistent with current diesel 
fueling times (Marcinkoski 2019). Finally, if these vehicles were automated and could operate 
overnight, there may be additional incentive for them to provide V2G services in the evening, 
during peak load times, and operate overnight to complete required freight movements. 

However, analogous to durability challenges for batteries, V2G applications for FCEVs entail 
the tradeoff of using the high capital cost fuel cell system to produce grid electricity. Fuel cell 
system improvements—such as using advanced membrane materials, increasing platinum group 
metal catalyst load, improving corrosion-resistant bipolar plate materials, and improving system 
control strategies to reduce fuel cell degradation—are needed to attain durability sufficient to 
meet vehicle lifetime requirements and provide additional grid services. Finally, implementing 
V2G in a grid at scale must still be researched and demonstrated. This could support PV 
deployment by 2035, but the relative impact of the energy storage is expected to be modest and 
dependent on the scale of FCEV adoption. 
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3.3 Deployment Challenges and Opportunities for PV and FCEVs  
Significant adoption and integration of PV and FCEVs by 2035 and 2050 will require market and 
regulatory advancements for PV, FCEVs, and hydrogen refueling infrastructure. In this section, 
we discuss priority deployment barriers and potential approaches for overcoming them by 2035 
and 2050. Table 4 provides a summary. 

Table 4. Deployment Barriers to High-Penetration PV and FCEVs, With Mitigation Opportunities 

Deployment Barriers Opportunities 

Electrolyzer access to 
wholesale power markets  

Providing electrolyzers access to wholesale markets provides flexible 
load for utilities to manage the grid while reducing the cost of hydrogen 
for FCEVs. 

Power-to-gas 
implementation 

Needs include classifying power-to-gas as an energy storage technology 
and developing national hydrogen injection and blending standards. 
Enabling utilities to store excess solar energy in chemical form will 
support PV rollout and could also provide hydrogen at low cost for 
FCEVs. 

Public awareness and 
acceptance  

Increased public awareness and acceptance of hydrogen’s safety and 
environmental benefits will help adoption of FCEVs and supporting 
refueling infrastructure.  

Public support for early-
stage infrastructure 
investment 

Public support for capital-intensive hydrogen refueling infrastructure 
could accelerate station development and FCEV adoption. 

Electrolyzer, fuel cell, and 
on-board hydrogen storage 
component costs 

R&D to decrease electrolyzer capital cost can help reduce the cost of 
hydrogen production. Decreasing fuel cell and on-board hydrogen 
storage costs will accelerate FCEV adoption. 

3.3.1 Electrolyzer Access to Wholesale Markets 
A recent NREL analysis for PG&E evaluated integrated PV and hydrogen production with 
electrolysis for six market participant configurations in California. The results show that if 
flexible loads such as electrolyzers had wholesale market access for all hours of the day, 
breakeven hydrogen costs could decrease by 53%–61% to $2.6–$3.1/kg, close to competitive 
with gray hydrogen. However, this configuration is not currently proven in California, because 
the programs that allow devices to access wholesale markets (direct access, NGR, PDR) are not 
open, nor do they give flexible loads sufficient exposure to wholesale markets (Eichman et al. 
2020). Providing electrolyzers or other flexible loads access to wholesale markets could spur 
increased PV deployment and improved utilization while decreasing hydrogen production costs. 
Low green hydrogen prices are a key driver of FCEV adoption, and allowing hydrogen 
producers to access wholesale power markets could further accelerate PV and FCEV adoption. 

3.3.2 Power-to-Gas Implementation 
Storing plentiful, low-cost PV energy for use in the electricity sector or other energy sectors 
improves PV’s value proposition. Converting PV electricity into a chemical carrier such as 
hydrogen could provide long-duration energy storage for the grid or inputs to other markets, such 
as the gas and transportation markets (Hunter, Penev, Reznicek, Eichman, et al. 2021). (See the 
Solar Futures Study main report (DOE 2021) for additional discussion regarding long duration 
energy storage. If hydrogen is blended into the natural gas system, it could be used for heating, 
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or potentially separated for use in FCEVs (Melaina, Antonia, and Penev 2013). However, there 
are two deployment barriers specific to blending into the natural gas system. First, current 
regulations do not consider chemical blending into the natural gas system as a form of energy 
storage, and second, national hydrogen injection and blending standards do not currently exist 
(Hydrogen Council 2019). Addressing these deployment barriers could provide a path to more 
PV installations and utilization, as well as low-cost green hydrogen for the transportation market. 

3.3.3 Public Acceptance and Awareness 
Public awareness and acceptance of hydrogen is crucial for the adoption, deployment, and 
scaleup of FCEVs and supporting hydrogen infrastructure (Ricci, Bellaby, and Flynn 2008). 
Educational campaigns and other outreach measures to increase public awareness of hydrogen’s 
safety and potential environmental benefits—as well as the cost and capabilities of the 
technology, especially when coupled with PV—are critical to developing a favorable public 
perception of hydrogen (Edwards, Font-Palma, and Howe 2021; Iribarren et al. 2016). As 
consumer adoption and awareness of FCEVs and hydrogen increase, it is imperative to maintain 
a consistent focus on safety to reinforce the public perception that hydrogen technologies are 
safe. 

3.3.4 Public Support for Early-Stage Infrastructure Investment 
Hydrogen refueling infrastructure is currently limited to just over 40 stations, primarily in 
California (Satyapal 2020; CARB 2020). Hydrogen refueling stations are more capital intensive 
than PEV charging infrastructure, making them higher-risk investments, especially when FCEV 
adoption is limited due to high vehicle purchase prices. Increased public support for refueling 
station rollout can help reduce investment risks, accelerate FCEV adoption, and increase the 
utilization of PV. 

3.3.5 Electrolyzer, Fuel Cell, and On-Board Hydrogen Storage Costs 
Electrolyzer capital costs (currently ~$1,500/kW) (Hunter, Penev, Reznicek, Eichman, et al. 
2021) can contribute $1–$3/kg to the levelized cost of hydrogen production (Eichman et al. 
2020). R&D to reduce this capital cost is underway (Satyapal 2021), and future estimates based 
on learning through deployment indicate that capital costs of ~$180/kW could be achieved, 
reducing the levelized cost of hydrogen production to $2.4/kg in grids with high PV deployment 
(Hunter, Penev, Reznicek, Eichman, et al. 2021), comparable to fossil-fuel derived hydrogen. 
In addition to reducing the hydrogen cost for FCEVs, R&D to reduce the fuel cell system and on-
board hydrogen storage system is also critical for decreasing the upfront purchase price of 
commercial vehicles with fuel cell powertrains and making the total cost of ownership 
competitive with diesel trucks (Hunter, Penev, Reznicek, Lustbader, et al. 2021).  
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4 Opportunities and Challenges for PV and Rail, Air, 
and Maritime Applications 

Rail, air, and maritime applications, although they consume less total energy than on-road 
applications (Figure 8), present unique PV-pairing opportunities and face unique challenges. 
These modes of transport are generally larger and need to travel farther between refueling than 
their on-road counterparts. Trains and ships are much more energy efficient than cars and trucks 
for transporting goods, whereas planes are much less efficient. For passenger transport, trains are 
over twice as energy efficient as planes, but both are roughly as efficient as their on-road 
counterparts (buses and LDVs, respectively). Energy use from U.S. air travel is projected to 
increase 120% between 2020 and 2050, whereas rail is projected to increase only 9% and 
maritime is estimated to decrease by 1% (U.S. Energy Information Administration 2021). 

 
Figure 8. U.S. transportation sector energy use in 2020, 2035, and 2050 (U.S. Energy Information 

Administration 2021) 

A rigorous market adoption analysis of deep decarbonization in the rail, air, and maritime sectors 
has not been completed. However, economic and market-fit analyses have been completed for 
many of these segments. The appendix outlines a simplistic analysis of what deep 
decarbonization could look like across these sectors and the resulting net-zero-carbon fuel types 
that could be used. PV could play a vital role in decarbonizing these sectors, because the net-
zero-carbon fuels include further electrification (air) as well as hydrogen production and use, 
either as fuel (rail, air) or as a precursor for other fuels used in these segments (ammonia, 
methanol, synthetic jet fuel). The Solar Futures Study main report (DOE 2021) quantifies the 
amount of PV that could be used for deep decarbonization of the rail, air, and maritime sectors 
to be ~400 GW by 2050 under this simplified market adoption scenario. 
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4.1 Rail 
Rail is currently the second-largest modal share of freight transportation in ton-miles, but is the 
lowest consumer of freight transportation energy compared to on-road trucks, waterways, and 
pipelines (Hoffrichter 2019). There are three primary segments of rail: freight, passenger, and 
switcher. Freight locomotives are primarily used to move freight, passenger locomotives are used 
to move passengers along routes, and switchers are used for moving railroad cars inside a rail 
yard. Owing to their different use cases, each locomotive segment has slightly different power 
and energy requirements (Ahluwalia, Papadias, and Wang 2020). 

Freight locomotives have the highest power requirement (about 4,400 horse power) and operate 
at higher notch levels (closer to peak power rating). This makes them highly suitable for diesel 
engines, which have flatter efficiency vs. rated power curves (Ahluwalia, Papadias, and Wang 
2020). Thus, the optimal use of low-cost PV may be to create liquid fuels that can drop into 
existing diesel freight locomotives in the near term.  

Passenger locomotives have a slightly lower power requirement (about 3,000 hp) and operate 
at lower speeds with more frequent stops (Ahluwalia, Papadias, and Wang 2020). This gives 
electrified powertrains, such as overhead catenary or fuel cell electric powertrains, potential to 
be more economically attractive. Electric rail catenary lines are well established, with electricity 
providing approximately a third of the energy used by rail globally (Nunno 2018). However, less 
than 1% of U.S. railroad track is electrified, representing a large potential opportunity for 
electrification. Catenary lines are economically preferable to battery-powered locomotives 
because expensive batteries can be foregone, and the infrastructure buildout is much less than 
required for roadway catenary systems. Adding more high-voltage catenary lines over rail also 
offers the opportunity to connect widely distributed PV systems. Making these connections 
would increase the consistency of PV output, because the PV catchment area would span most 
local weather patterns (Nunno 2018). Expanded catenary lines may also establish transmission 
from some areas with large PV potential and inexpensive land to those without these 
characteristics. Hydrogen fuel cell electric powertrains may be economically superior to diesel 
powertrains because of the higher fuel cell efficiency (Ahluwalia, Papadias, and Wang 2020). 
However, the environmental and economic benefit of hydrogen fuel cell passenger locomotives 
can only be achieved if green, low-cost hydrogen is available. PV coupled with flexible 
electrolysis may provide a viable pathway for green hydrogen to be used in passenger 
locomotives. 

Switcher locomotives may be easier to electrify using catenary lines or fuel cell electric 
powertrains, owing to their limited distances of travel and lower-power duty cycles (Ahluwalia, 
Papadias, and Wang 2020). However, there are challenges with durability and 
mechanical/materials robustness needed for this rugged application (Duve 2019). Thus, net-zero-
carbon biofuels may provide alternative fuels for this segment. 

The primary hurdle to overhead catenary electric rail in the United States has traditionally been 
access to capital, even though operating costs are much lower for electric trains than for diesel. 
Solutions worth investigating include low-interest loans and savings-backed financing 
arrangements similar to Energy Savings Performance Contracts. Furthermore, using the catenary 
lines as transmission could bring a new value stream and more partners to the table. In-depth 
economic analysis of the investment is beyond the scope of this report, but utility or government 
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partners might cover enough of the upfront infrastructure costs to make investment in electric 
trains worthwhile. For fuel cell electric locomotives, barriers include high upfront capital cost 
in the near term, high hydrogen prices (unless low-cost green hydrogen can be used), space 
requirements for hydrogen storage, fuel cell durability challenges, and hydrogen refueling station 
design and placement optimization. 

4.2 Air Transport  
Air transport can be broken down into segments based on aircraft and flight patterns of varying 
lengths, and each segment can then be matched with decarbonization options. Commuter and 
regional flights with less than ~80 passengers and traveling for less than ~1,000 km may be 
suitable for direct electrification with batteries. These flights represent up to ~15% of revenue 
passenger kilometers (Schäfer et al. 2019). Short-range (~2,000-km) flights with ~165 
passengers represent nearly 25% of global aviation CO2 emissions, and may be most suitable 
for hydrogen combustion in turbine engines. Longer-range aircraft with more passengers may 
be most suitable for synthetic hydrocarbon fuels created with CO2 and PV-based electrolytic 
hydrogen (Hydrogen Council 2021). Low-cost PV would be critical for charging the electric 
aircraft and generating hydrogen for hydrogen turbines, or for producing net-zero synthetic 
hydrocarbons.  

PV offers additional synergies with electrified planes, ground vehicles, and buildings through 
the hubs of air transportation: airports. Electric reliability is so valuable to airports that many are 
considering or planning to create their own microgrids (Baskas 2019). PV can be a suitable 
electricity source for most airport microgrids, and airports have substantial land and roof space 
for PV. PV is also one of the safest electricity sources at airports, where equipment height, 
reflectivity, and effect on radio waves is of utmost concern (National Renewable Energy Lab 
2017; National Academy of Sciences 2011). However, the timing of airport energy use does not 
align perfectly with PV production. This could be mitigated via smart charging and V2G 
technologies (i.e., drawing on passenger PEVs and electrified ground support equipment), or 
by electrolyzers coupled with hydrogen storage and fuel cells for electrification. 

One limitation to airport PV is glare, which could temporarily hinder pilots or air traffic 
controllers. A 2016 survey showed that 9% of pilots had experienced glare, and of those, 4% 
classified it as a “significant nuisance” (Barrett 2016). However, proper siting and planning, 
supported by available resources, can minimize this already rare occurrence. The Solar Glare 
Hazard Analysis Tool (SGHAT) was developed to predict potential glare from proposed projects 
(Ho 2013). Glare is a larger concern for CSP, because its mirrors, bellows, and shields are much 
more reflective than PV modules. A list of best practices has been developed to minimize risks 
to pilots (National Academy of Sciences 2011). 

4.2.1 Electric Airplanes 
Most energy used in aviation goes toward powering aircraft. The primary barrier to electric 
planes is the relatively low energy density of batteries, and the consequently heavy weight of 
batteries powerful enough to enable flight (Schäfer et al. 2019). Figure 9 shows the energy 
densities of fuels and batteries. Most solutions to this barrier include reducing the range, 
lightening the airplane, and improving aircraft efficiency. These solutions are numerous and 
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incremental; the remainder of this section focuses on aircraft technologies that are less 
incremental. 

 
Figure 9. Volumetric and gravimetric energy density of fuels (Kobayahsi et al. 2018) 

4.2.2 Airplane Battery Swap 
Another barrier to battery-powered airplanes is the time necessary to recharge between flights. 
Gate time at a major airport, usually wrapped into landing fees, is very expensive. Minimizing 
gate time would require extremely fast/powerful chargers that would greatly add to the airport’s 
demand charges. Furthermore, adding such load would likely require substantial infrastructure 
upgrades at the airport. One promising solution is a battery swap station for aircraft that enables 
aircraft to quickly swap batteries during their usual gate time. Spent batteries could then charge 
at managed speeds over a longer period. Pairing charging stations with variable PV production 
would enable flexible use of PV generation. Electric Delivery Drones and Vertical Takeoff and 
Landing (VTOL) Vehicles 

Electric delivery drones have become a promising technology to complete the “last mile” of 
package delivery. R&D efforts are well funded by high-profile operations, including Amazon’s 
Prime Air and Google’s Wing, as well as UPS and Uber Eats. Prime Air first delivered a package 
via drone in 2016, but it seems to have been surpassed by Wing, which overcame substantial 
regulatory hurdles to become the first company to gain approval for drone delivery by numerous 
governments, including the U.S. Federal Aviation Administration (Levin 2019). By doing so, 
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Wing has made it easier for other companies to gain similar approval. Wing continues to lead the 
way in drone delivery, and now has pilot delivery services in Helsinki, two towns in Australia, 
and Christiansburg, Virginia (Malay-Mail 2019). Payload capacity seems to be the largest 
limitation to drone delivery; no drones offered at a price point suitable for delivery services can 
carry more than 10 kg (Butler 2021)  

Electric vertical takeoff and landing (eVTOL) vehicles share many attributes with drones, but 
they carry a larger payload and are already carrying humans (Bryson Taylor 2020). Morgan 
Stanley Research estimates that the eVTOL market will be worth $1.5 trillion by 2040 (Morgan 
Stanley 2019). Projections suggest that markets will develop first for military applications and 
package delivery, which both have fewer regulatory hurdles than passenger travel. The market 
is then projected to move into passenger travel. This would happen first in areas lacking road 
infrastructure and then in more congested areas. Early applications will likely include remote 
area access, military applications, and disaster recovery. These applications could require 
eVTOLs to refuel in off-grid locations and could therefore be particularly amenable to PV 
charging. 

4.3 Maritime 
The maritime sector is the next largest energy consuming transportation subsector after aviation. 
The most promising maritime fuel options include ammonia, methanol, and liquid hydrogen 
(Hydrogen Council 2021). PV can be an integral part of creating these fuels, and deep 
decarbonization of this sector would help drive more PV deployment. 

The maritime market represents a timely opportunity for e-fuels created from PV. Operations 
of maritime vessels near shore (in Emissions Control Areas) effectively limit diesel fuels to 
those with a low sulfur content (<0.1%). In international waters, the International Maritime 
Organization (IMO) has implemented rules that require a drop-in sulfur content from 3.5% to 
0.5% starting in January 2020 (Hamilton 2018). Ships can no longer use the low-cost, high-
sulfur “bunker fuels” or “residual oil” that were once staples of the industry. According to EIA 
(U.S. Energy Information Administration 2019), maritime companies are complying with the 
new IMO sulfur rules in three basic ways:  

1. Installation of emission exhaust scrubbers and continued use of bunker fuels. Scrubbers 
can be costly to install and can increase maintenance costs. Furthermore, they are a risky 
investment because the price and availability of higher-sulfur fuels after 2020 remains 
uncertain. 

2. Use of lower-sulfur diesel. The upfront costs are low for this option, but this fuel is more 
expensive than bunker fuels. Low-sulfur fuel costs 20%–50% more than residual fuel 
because of additional hydroprocessing at refineries (Breakthrough 2020). EIA expects 
this difference to increase as demand for low-sulfur diesel increases.  

3. Switching to alternative fuels. Most ships using this option have converted to liquefied 
natural gas. However, hydrogen or ammonia could be viable options as well. Electric 
batteries are likely not good candidates for powering ships, because their energy density 
is too low, so they would occupy too much space and weight. 
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4.3.1 Marine Vessels 
Across the maritime market, three common vessel types have recently been analyzed for 
alternative fuels: container ships, ferry ships, and tugboats (Ahluwalia, Papadias, and Wang 
2020). Container ships and ferries have significant power and energy consumption, making them 
challenging for liquid-hydrogen applications (Ahluwalia, Papadias, and Wang 2020). These 
ships may be better suited for ammonia made from plentiful PV (DOE 2021). Tugboats have 
lower power and energy requirements, potentially making it easier for them to transition to green 
hydrogen or ammonia produced from PV. Recent analysis indicates that if DOE Hydrogen and 
Fuel Cell Technologies Office program targets are achieved, tugboats with fuel cell electric 
powertrains and liquid hydrogen onboard storage may provide a lower total cost of ownership 
than those that use low-sulfur diesel fuels (Ahluwalia, Papadias, and Wang 2020). These 
economics have an advantage over on-road hydrogen because marine applications have more 
concentrated refueling locations, maximizing the fuel throughput in each capital-intensive 
hydrogen station investment. This may provide a pathway toward coupling PV and large-scale 
hydrogen production and liquefaction. 

4.3.2 Shore Power 
Ships require a significant amount of power (from 500 kW to more than 10,000 kW) when 
docking at a port, owing to loads such as air conditioning, lighting, and crew berths. This power 
is typically generated by diesel auxiliary engines. An alternative is to use shore power, which is 
grid electricity via a plug provided by the port. Shore power technology is relatively new in the 
commercial sector, but is well established in the U.S. Navy (US EPA 2017). Opportunities to 
create microgrids of installed PV, or simply connect to a larger grid with PV, should be 
evaluated and demonstrated in future work. 
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5 Conclusion 
The U.S. power sector is poised for continued and rapid evolution as an increasing number of 
cities, states, utilities, and businesses move toward aggressive decarbonization goals for 2035 
and 2050. As part of this evolution, electrifying transportation through PEVs, FCEVs, and use 
of e-fuels will create new synergies between the transportation and power sectors. Specifically, 
shifting from fossil fuels to these new technologies will increase overall electricity demand, 
which can be met with renewable PV and wind resources. However, realizing this opportunity 
will require new technologies and approaches for increasing transportation load flexibility, which 
is critical to aligning transportation electricity demand with periods of PV generation and 
maintaining grid stability. In addition, technologies that reduce the cost of co-locating PV with 
vehicle charging and hydrogen production will be needed, as will enabling policies and market 
advancements. 

For electric vehicles, technologies that enable wide-scale managed and coordinated charging 
are among the highest priorities for continued R&D in the near term, as their capabilities are 
foundational for future V2G functionality in the long term. In addition, vehicle batteries that can 
withstand a higher number of charge cycles are needed for V2G approaches that store excess PV 
generation and discharge it back to the grid. Higher-powered batteries could enable faster 
charging and improved alignment of charging loads with PV generation. In order to reduce 
deployment barriers to these technologies, a variety of new market and policy approaches will 
likely be needed, including time-varying rates and increased availability of workplace charging 
programs.  

For hydrogen FCEVs, the use of PV electricity for electrolysis provides an opportunity to 
increase PV deployment. Specifically, flexible electrolyzers needed for hydrogen fuel production 
can help decrease peak grid load, reduce PV curtailment, and increase PV energy prices by 
providing an effective price floor for PV electricity sales. However, electrolyzers do not have 
access to wholesale electricity markets, which poses a barrier to fully maximizing PV 
deployment. With respect to vehicle technology advancements, FCEVs have the potential to 
support higher levels of PV penetration by acting as flexible power generators and providing 
electricity back to the grid. Other long-term priorities for increasing use of PV for hydrogen 
vehicles include the development of breakthrough technologies for liquefaction and hydrogen 
storage, as well as the buildout of hydrogen delivery and dispensing infrastructure. Market and 
policy approaches aimed at reducing deployment barriers include electrolyzer access to 
wholesale markets, power-to-gas implementation, and greater public awareness of the benefits 
provided by FCEVs. 

For rail, air, and maritime transportation, the feasibility of increased PV use varies in the near 
term, though it improves in the long term. Near-term opportunities for synergies with solar 
include the electrification of rail, increased reliability from airport microgrids, and switching 
from diesel to synthetic maritime fuels. Over the longer term, battery swap stations for electric 
airplanes and the co-location of solar with hydrogen fueling stations at shipping ports may enable 
greater synergies between PV and transportation.  

The opportunities and challenges for achieving greater synergies between PV and the 
transportation sector discussed in this report are not exhaustive. Rather, this research seeks to 
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identify the near- and long-term priority advancements that are poised to have the greatest impact 
on increasing the use of PV for electric, hydrogen, rail, air, and maritime transportation. Areas 
for future research include the development and use of cross-sector modeling approaches to 
better understand interdependencies and impacts across electric and hydrogen transport. In 
addition, the full value proposition of widespread, low-cost PV electricity conversion into 
hydrogen as an energy carrier for other sectors is difficult to quantify due to the complex, 
integrated, and cross-sector modeling that needs to occur. Improved analysis tools that couple 
multiple sectors are needed to fully quantify the value proposition of hydrogen electrolysis to 
support high penetrations of solar energy in the electricity grid. Lastly, research and analysis to 
quantify the deployment potential associated with specific advancements and policies would be 
beneficial for further prioritization and ranking of possible R&D pathways. 
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Appendix. Estimating Total Electricity Requirement for 
Deep Decarbonization of the Transportation Sector  
The Electrification Futures Study (EFS) (Mai et al. 2018) provides a detailed assessment of 
electrification of the transportation sector. The “High” electrification scenario from the EFS 
(which corresponds to Decarb+E here) results in about 75% of all vehicle miles traveled (VMT) 
from electric vehicles by 2050. Despite this significant level of electrification, about 70% of total 
2050 transportation sector energy use is estimated to still rely on fossil-based fuels, reflecting the 
greater fuel economy of electric vehicles. The EFS did not analyze electrification potential 
beyond on-road transportation or indirect electrification. 

A simplified analysis can help elucidate the potential impacts of deep decarbonization of the 
transportation sector on solar energy production requirements. First, energy efficiency 
improvements for each transportation subsector beyond those assumed in the 2020 AEO Outlook 
Reference scenarios must be accounted for. Second, the relative market shares of low- or zero-
carbon based fuels must be assessed for each transportation subsector. Finally, a relative fuel 
economy adjustment must be made to account for the powertrain efficiency difference between 
the conventional fuel and the low- or zero-carbon fuel within each transportation subsector. 
Several literature sources, industry projections, and NREL transportation sector modeling were 
leveraged to complete each of these three steps.  

First, energy efficiency improvements for each transportation subsector need to be estimated. 
Due to limited data, we estimated energy efficiency improvements for on-road vehicles and 
aviation, while all other subsectors were assumed to match the 2020 AEO Reference scenario.  

For on-road vehicles: A recent NREL analysis of advanced powertrain adoption across the on-
road vehicle sector was used (Brooker et al. 2021). Specifically, for light-duty passenger 
vehicles, NREL ADOPT model estimates of internal combustion engine vehicle efficiency 
approximately match the 2020 AEO Outlook Reference scenario, so no further reductions in 
subsector energy use were estimated. For medium duty trucks, the 2020 AEO Reference scenario 
projections imply a Class 4–6 fuel economy of ~12.9 miles per diesel gallon equivalent 
(MPDGE), while the NREL analysis estimates a fuel economy of ~21.4 MPDGE due to 
improved engine efficiency, lightweighting, and aerodynamics from achieving U.S. DOE 
Vehicle Technology Office and Supertruck targets. Thus, the final energy use from the 2020 
AEO Outlook was reduced by ~40% to account for this improvement in MDV energy efficiency. 
A similar process was followed for heavy-duty trucks and buses. However, for heavy-duty 
trucks, three segments were evaluated in the NREL analysis; these were weighted by their 
relative 2050 fuel consumption to obtain a weighted-average fuel economy for that subsector. 
While buses were not evaluated in the NREL analysis, a Class 7–8 Vocational truck was used as 
a surrogate due to its similar drive-cycle. The resulting energy efficiency improvements were 
estimated to be ~33% for heavy duty trucks and ~32% for buses.  

For aviation: A flat energy efficiency improvement of 1.5% per year beyond the AEO Outlook 
was assumed, based on recent net-zero economy modeling (Larson et al. 2020). This 
improvement was assumed to offset growing passenger travel demands.  
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Next, market shares for the low- or zero-carbon fuel types must be estimated along with any 
potential differences in powertrain fuel efficiency. Table 5 summarizes those assumptions and 
data.  

On-road transportation segment: The LDV market share is approximated based on (Brooker et 
al. 2021), which shows that BEVs are likely the most promising zero emission vehicle 
powertrain technology. MDV/HDV and bus market shares are approximated based on the 
estimated 2050 market shares in (Brooker et al. 2021). While that analysis did not achieve a net-
zero transportation system, it indicates that there will be a complementary set of powertrain 
designs to achieve full decarbonization. For MDVs, battery electric and fuel cell electric 
powertrains are adopted in near equal proportions. Given the lower energy and range 
requirements of these vehicles, it was assumed this market share split would continue until full 
decarbonization, without a need for liquid fuels. For HDVs, Brooker et al. evaluated three 
vocations: Class 7 and 8 vocational trucks, day cabs, and sleepers. Based on the relative 2050 
market share splits that Brooker et al. estimated, it is assumed that ~25% of a net-zero HDV 
market will be fully battery electric, ~50% will be based on hydrogen fuel cells, and ~25% will 
utilize biofuels. While biofuels were not explicitly modeled in (Brooker et al. 2021), they will 
likely be needed due to stock turnover limitations, and they may be suitable for certain energy-
intense duty cycles. The fuel economy ratio of HDVs was based on an energy-weighted average 
across the three Class 7 and 8 segments modeled. Buses were assumed to have the same market 
share breakdown as HDVs, but with a fuel economy ratio based on the Class 7 and 8 vocational 
trucks.  

Non-road transportation segments: The hydrogen market share for rail is based on (Hydrogen 
Council 2017), while an assumed 50/50 split of drop-in biofuels and synfuels are assumed for the 
remaining market. Maritime is segmented by total cost of ownership, route length, stop 
frequency, and whether the ship types carry passengers. Ammonia was assumed for ships with 
long routes, less frequent stops, no passengers, and lower potential total cost of ownership in that 
segment (offshore, liquid gas tanker, chemical tanker, cargo, oil tanker, bulk carrier, and 
container). Methanol was assumed for ships with shorter routes, more frequent stops, potential 
for passengers, and lower potential total cost of ownership in that segment (vehicle, cruise, 
fishing, RoRo/RoPax) (Hydrogen Council 2021; Concawe 2017). Electrification of aviation was 
assumed to occur for flights less than ~1,000 km (commuter, regional aircraft) (Schäfer et al. 
2019). Similarly, hydrogen turbines were assumed for short-range aircraft (~2,000 km), and 
synfuels were assumed for medium- and long-range aircrafts (Hydrogen Council 2021). For the 
military subsector, a 50/50 split of drop-in biofuels and synfuels was assumed. For lubricants, 
100% drop-in synfuels was assumed.  

Table 5. Summary of Estimated Low- and Zero-Carbon Fuel Market Shares, Fuel Economy Ratios, 
and References 

AEO 
Subsector 

Low-Carbon 
Fuel 

Subsector 
Market 
Share 

Fuel 
Economy 

Ratio 

Market Share 
Reference 

Fuel Economy 
Reference 

LDV Electric 1 2.6 Approximated based 
on  
(Brooker et al. 2021) 

(Brooker et al. 2021) 

MDV Electric 0.5 2.8 (Brooker et al. 2021) 

MDV Hydrogen 0.5 1.9 (Brooker et al. 2021) 
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AEO 
Subsector 

Low-Carbon 
Fuel 

Subsector 
Market 
Share 

Fuel 
Economy 

Ratio 

Market Share 
Reference 

Fuel Economy 
Reference 

Buses Electric 0.25 2.7 (Brooker et al. 2021) 

Buses Hydrogen 0.50 1.8 (Brooker et al. 2021) 

Buses Biofuels 0.25 1 Drop-in fuel 

HDV Electric 0.25 2.2 (Brooker et al. 2021) 

HDV Hydrogen 0.50 1.4 (Brooker et al. 2021) 

HDV Biofuels 0.25 1 Drop-in fuel 

Rail Biofuels 0.4 1 50% of remaining 
market-share 

Drop-in fuel 

Rail Synfuels 0.4 1 50% of remaining 
market-share 

Drop-in fuel 

Rail Hydrogen 0.2 1.15 (Hydrogen Council 
2017) 

(Ahluwalia, Papadias, 
and Wang 2020) 

Maritime Ammonia 0.82 1 (Hydrogen Council 
2021; Concawe 
2017)13 

Drop-in fuel 

Maritime Methanol 0.18 1 (Hydrogen Council 
2021; Concawe 
2017)14 

Drop-in fuel 

Air Electric 0.15 1.25 (Schäfer et al. 2019) (Schäfer et al. 
2019)15 

Air Hydrogen 0.25 1 (Hydrogen Council 
2021) 

Assume hydrogen 
turbines used 

Air Synfuels 0.6 1 (Hydrogen Council 
2021) 

Drop-in fuel 

Lubricants Synfuels 1 1 Assumption Drop-in fuel 

Military Biofuels 0.5 1 Assumption Drop-in fuel 

Military Synfuels 0.5 1 Assumption Drop-in fuel 
 

 
 
13 Ammonia share estimated based on ships with long routes, less frequent stops, no passengers, and lower potential 
total cost of ownership. 
14 Methanol share estimated based on ships with shorter routes, more frequent stops, potential for passengers, and 
lower potential total cost of ownership. 
15 Electric aircraft currently have ~2 times higher propulsion efficiency but are 1.5–2 times heavier due to battery 
weight. We assume a 1.25 fuel economy ratio, representing the middle of this range. 
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Based on the energy efficiency, market share, and fuel efficiency assumptions, the final 2050 
deep decarbonization energy usage in the transportation sector is summarized in Table 6. 

Table 6. Approximated Transportation Sector Deep Decarbonization Energy Consumption 
 

Final Demand by Fuel Type (Quads) 

AEO Subsector Electric Hydrogen Biofuels Synfuels Ammonia Methanol 

Motorcycles 0.01 0.00 0.00 0.00 0.00 0.00 

Light-Duty Vehicles 1.13 0.00 0.00 0.00 0.00 0.00 

Medium-Duty Trucks 0.11 0.17 0.00 0.00 0.00 0.00 

Heavy-Duty Trucks 0.21 0.66 0.46 0.00 0.00 0.00 

Bus 0.01 0.04 0.04 0.00 0.00 0.00 

Domestic Shipping 0.00 0.00 0.00 0.00 0.02 0.01 

International Shipping 0.00 0.00 0.00 0.00 0.52 0.11 

Recreational Boats 0.00 0.00 0.00 0.00 0.25 0.05 

Freight Rail 0.00 0.09 0.20 0.20 0.00 0.00 

Passenger Rail 0.00 0.01 0.01 0.01 0.00 0.00 

Air 0.20 0.41 0.49 0.49 0.00 0.00 

Lubricants 0.00 0.00 0.00 0.13 0.00 0.00 

Military 0.00 0.00 0.41 0.41 0.00 0.00 
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