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Featured Application

This review aims to inform about the benefits and challenges of co-developing EV charging and PV
generation, thereby supporting the design of projects, infrastructure development strategies and policy
incentives that enhance economic viability, carbon reduction, and energy autonomy in diverse settings.

Highlights

® The review assess the cost effectiveness of EV-PV coupling in various contexts across the globe. The
charging costs of EVs from PV are lower than from the grid in most countries and lower than the
costs of fuelling traditional vehicles.

® The co-development of EVs and PV reduces the need for local storage, and the need for grid
reinforcement.

e Public and workplace charging infrastructures offer particularly strong synergies with on-site PV
generation.

e EV-PV systems are beneficial for unreliable grids or off grid systems.

Abstract

The global energy transition aims to decarbonise both transportation and electricity generation to
mitigate climate change and reduce reliance on fossil fuels. Electrification of private transportation,
through the adoption of electric vehicles (EVs), presents a promising pathway to achieving the first
objective. Concurrently, the rapid advancement and cost reduction of photovoltaic (PV) technology
have positioned solar energy as a viable solution for renewable electricity production. This review
paper synthesises recent modelling and empirical studies examining the synergies and challenges of
coupling EV charging with PV electricity production. It explores the multifaceted benefits of this inte-
gration across various contexts: residential, workplace, highways, and public parking infrastructures.
Additionally, the paper delves into practical considerations essential for real-world implementation,
such as political incentives, charging stations, and tariff structures. By offering an overview of the cost
effectiveness and implementation challenges across the four corners of the world, in a diversity of
climate, solar irradiance and mobility behaviours, the review bridges the gap identified in the previous
reviews on the potential of EV-PV coupling.

Keywords: electric vehicles; photovoltaic; energy transition

1. Introduction

The need to decarbonize both transport and energy systems is a central challenge of the 21st
century. Transport accounts for approximately one-quarter of global CO, emissions, while the energy
sector remains the largest source of greenhouse gases [1]. Electrification of transport, through the
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adoption of electric vehicles (EVs), is widely recognized as a key strategy for reducing emissions in
the mobility sector. Global EV sales, shown on Figure 1, have accelerated, driven by technological
advancements, supportive policies, and growing consumer awareness of environmental issues. The
global stocks of EVs has almost doubled between 2022 and 2024, primarily driven by the Chinese
uptake. However, the widespread electrification of cars will increase electricity demand, necessitating
a corresponding expansion of low-carbon electricity generation to avoid simply shifting emissions
from tailpipes to power plants.
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Figure 1. EV stocks each year between 2010 and 2024, source: Our World In Data [2]

Among renewable energy technologies, photovoltaic (PV) solar power stands out for its scalability,
rapid deployment potential, and important cost reductions over the past decades, as shown on Figure
2. PV installations also enable decentralized or even off-grid energy source, providing energy access in
regions with unreliable grid or poor energy access. Moreover, countries adopting EVs most rapidly,
such as China, USA and European countries are also investing into PV power plants, as shown on
Figure 3.
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Figure 2. Evolution of the price of solar PV between 2000 and 2024, source: Our World In Data [3]

The parallel integration of EVs with PV production presents attractive synergies. EVs can directly
use cheap, carbon-free electricity generated by PV systems, thereby reducing both operational costs and
emissions. Furthermore, the coupling of EVs and PV can help absorb production peaks, mitigating the
intermittency challenges inherent in solar power. Emerging vehicle-to-everything (V2X) technologies
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enable EVs to serve as mobile energy storage units, providing grid services and enhancing the overall
stability and efficiency of renewable energy systems.
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Figure 3. Solar energy consumption by country, per inhabitant in 2024, source: Our World In Data [4]

The number of comprehensive review studies in the field of EV-PV synergies remains limited.
Previous reviews have explored the synergies between EV and PV. Hoarau et al., in 2018, emphasized
the necessity of more robust economic assessments, deeper understanding of user participation
behaviour, and clearer policy frameworks to fully realize the potential of EV-PV coupling [5]. Assad et
al. [6], in 2020, further identified critical gaps in uncertainty analysis, PV-based EV charging stations,
and dynamic pricing strategies, areas which this review addresses. Fachrizal et al., in 2020, highlighted
the need for research on the practical feasibility of smart charging to maximize EV-PV synergies
across diverse geographical locations, characterized by varying climates, solar irradiance, and mobility
patterns [7]. Accordingly, this review synthesizes studies from a wide range of regions to provide
a comprehensive assessment of the coupling potential. Since the publication of the aforementioned
studies, technology improvements and price reduction have been achieved, which is why this review
intend to evaluate progress and update the state of the art. While the performance of different
algorithmic approaches for EV-PV coupling have received considerable attention in recent years, they
have been reviewed recently and fall outside the scope of the present study.

This literature review explores the economic, and environmental benefits of coupling EVs and PV
production. It aims to synthesise global research on diverse EV-PV system configurations, ranging
from off-grid to grid-connected setups, with and without local storage, across residential, workplace,
public parking, and highway contexts. The contribution of the paper is to asses the opportunities of
EV-PV coupling in therms of flexibility, reduction in storage, and cost reduction, while also identifying
key challenges such as geographic variations of the PV potential, time compatibility between EV
charging and PV production periods and policy adaptations.

Studies have been gathered into four sections corresponding to a different research question.
The section 3 focuses on the potential of using PV electricity as source for EV charging at large scale,
such as cities, regions or countries, on residential systems at building or neighbourhood scale, at
work or universities and on pure charging systems on parking or highways. The second 4 intend to
synthetize how EVs can be beneficial for PV electricity integration, through flexibility, V2X, reduction
in storage requirement and off grid systems. The section 5 give examples of charging costs for various
configuration of EV-PV systems in diverse geographical areas. Finally, the section 6 identifies the
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limitations to the coupling potential of EVs and PV and levers to mitigate them. This review concludes
with section 7, synthesising the outcomes of the previous sections.

2. Method

This review employed the Scopus database for literature search [8]. The search was conducted
using the keywords “electric vehicles” and “photovoltaic” to identify relevant studies. The selection
was refined to include only English-language papers. The focus was deliberately placed on studies
that examined the potential benefits, such as economic viability, CO, emission reductions, and energy
self-sufficiency, as well as the practical challenges, including grid integration, regional variability in
solar irradiance, and the alignment of EV charging with PV production. Papers that centred solely on
algorithmic optimisation of energy management systems without addressing real-world applications
or broader systemic implications were excluded. Moreover, studies on trucks, taxis, buses, or other
hardware were considered out of scope, unless they were the only studies available in a specific region.
If several papers focussed on the same system, only the most recent result were taken into account.
Only studies with a clearly quantified benefice were selected. Special attention was taken to give a
global overview, capturing insights from diverse geographical contexts, including urban and rural
settings, developed and developing regions, and varying climatic conditions. The exact query used is
available on Appendix A.1.

The graph in Figure 4 illustrates the evolution in number of documents published from 2000
to 2025. The graph shows a clear upward trend in the number of documents published over the
years, with a significant increase beginning around 2012 and accelerating between 2020 and 2024.
Considering the rapid technological advancements in EVs and evolving policy landscapes, only articles
and conference papers published between 2020 and 2025 are studied in the rest of this review.
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Figure 4. Number of documents matching the search criteria published by year between 2000 and November,
Source: Scopus [8]

The Figure 5 shows the number of publication resulting from the query for the period 2000-2025 by
country. China, India and the USA are the countries were the higher number of article were published.
China and the USA are also the countries with the higher solar production in 2024 (as shown on Figure
3, from Our World In Data [3]) and they showed both a rapid increase in the sale of EVs over the
last years, especially in China as shown on Figure 1, obtained from Our World In Data [2]. However,
the higher share of publication per habitant is observed in Europe, North America, Japan, Australia
and New Zeeland. The aforementioned countries are also the most responsible of greenhouse gas
emissions historically, which highlight their interest in decarbonation.
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Figure 5. Number of matching the search criteria published by country per thousand inhabitant, between 2000
and November 2025, source: Scopus [8]

3. Using PV for EV Charging
3.1. Large Scale Studies

Several studies have shown the feasibility to use rooftop or stand-alone PV systems to produce
electricity for partially or totally covering the EV charging needs. In France, Deroubaix et al. [9]
noted that beyond 50-60% roof coverage in Paris (city) or 20-30% in fle-de-France (suburban area
of Paris), PV production regularly surpasses demand. Expanding the geographical scope, Arowolo
and Perrez [10] analyzed the coupling of EVs and rooftop PV in Paris, Lyon, and Marseille, France
revealing that 50% roof coverage with PV and 50% fleet electrification could meet up to 42% of total
electricity demand while reducing CO, emissions from electricity and vehicle use by up to 48%. A
study by Bambara et al. [11] in Quebec examined the potential of newly built and retrofitted houses
with PV systems and improved energy efficiency. The findings suggested that approximately 70% of
the total electricity generated from house upgrades, amounting to 14.6 and 23.4 TWh per year, could
be allocated to electrifying mobility. This capacity is sufficient to cover 83% and 100% of personal
vehicles to EVs for rebuilt and retrofitted houses, respectively.

Jeannin et al. [12] studied Aalborg (Denmark), Bern (Switzerland), and Palermo (Italy), finding
that covering just 10% of building footprints with PV could meet 53% to 61% of annual EV charging
demand, while also cutting CO, emissions from private cars by 17% to 28% by 2035 relative to
conventional fuel-based fleets. On innovative PV deployment, Yu et al. [13] examined the Xiong’an
New Area, where facade PV integration increased power generation by up to 67.60% compared to
rooftop PV alone. Building-integrated PV-EV systems further reduced CO, emissions by 41.91% in
the short term, while also lowering electricity costs. Overall, the aforementioned studies show that
a medium share of rooftop coverage (10-50%) can cover about the half of the EV charging demand,
and even the whole demand by adding storage. This also highlight the challenge of having the EV
charging demand matching the PV production time frame.

3.2. Time Compatibility in Residential Contexts

The most challenging configuration regarding the use of PV to recharge EVs is residential systems.
When the EV is used to commute to work, it is not available at home during the day. In Switzerland,
research by Martin et al. [14] analysed a dataset of plug-in and plug-out events from 78 Swiss
EV owners, focusing on PV time compatibility. The study found that, without altering mobility
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patterns or plug-in behaviour, an average coverage of 56% of EV charging demand could be achieved
through rooftop PV generation. Furthermore, the upper boundary of coverage, when incorporating
additional home battery storage, reached an average of 90% and 99% respectively, all while maintaining
unrestricted mobility for users. Hajhashemi et al. [15] explored the potential for solar-powered EV
charging in Australian households with 100% PV access in both owned and rented detached or semi-
detached houses, a 10 kWp PV capacity, and level 2 chargers. The study revealed that, on an average
weekday, 32% of vehicle-owning households could fully meet their charging needs through solar
energy, with an additional 21% of households not using their vehicles at all on some days. This
figure increased to 48% on weekends. However, around 20% of households could not benefit from
solar charging without greater flexibility in working hours. Notably, almost 40% of vehicle-owning
households possessed more than one car with varying utilisation rates, indicating an opportunity to
implement vehicle rotation strategies to maximise solar energy utilisation and reduce the need for
evening charging outside of sunlight hours.

This unequal effect depending on charging behaviour is also visible on case-specific studies.
Albaba et al [16] studied a real-world case of a solar-powered EV charging system installed at a
residential property in Dublin, Ireland. The system includes 6.96 kWp solar panels, a 5.3 kWh battery,
and a smart EV charger. The results indicate that 67% of the household’s solar energy was self-
consumed, leading to a 50% reduction in electricity costs (with even positive credit in summer) and
2 tonnes of CO, emissions avoided per year. In contrast, a research conducted in Poland by Sendek
Matysiak et al.[17] indicated that PV generation may be insufficient to meet the charging demands of
EVs at home, even when the entirety of PV production is dedicated to EV charging. If the EV is not
available at home, a solution is to transmit surplus energy from rooftop PV systems to nearby charging
stations. In Bilbao, Spain, research by Javanmardi et al. [18] demonstrated that this can facilitate the
charging of 16% more EVs, while enhancing the utilisation of locally generated renewable energy.

3.3. University Systems

Universities are a good environment for the implementation of PV powered charging station,
as they have a large number of potential users, while also serving as research material and raising
awareness on EV and PV. Several implementation of EV-PV systems at universities in South America
demonstrated their technical feasibility and economic competitiveness such as at Universidad Tec-
nolégica de Pereira in Colombia, [19]. In Federal University of Pard, Brazil [20,21], the PV system
supplied the majority of the energy demand, 70% going to the laboratory building and 30% for the EV
charging needs. At University of Cuenca, Ecuador [22], 98.2% of the energy required for charging was
directly sourced from on-site PV generation. At Universidad Nacional de Rafaela in Argentina [23], the
most economically viable configuration identified was a 100% renewable sourced EV charging station
(CS). Belaid et al. [24] examined a university parking area in Morocco with 20 charging spaces, reveal-
ing that between 42% and 66% of the charging demand could be met by PV generation, depending on
the power capacity of the selected chargers. This studies underscore the potential for PV-powered EV
charging infrastructure to significantly offset grid electricity consumption in institutional settings.

3.4. Workplace PV-Powered EVCS

Workplace appears to be the best suited location for installing PV-based charging systems, as
EV user are likely to plug their vehicle during daytime periods. This strategy capitalises on the
availability of solar energy during working hours, thereby maximising the use of renewable resources.
Recent studies have highlighted the potential of integrating PV-powered EV charging infrastructure
at workplaces to enhance sustainability of EV charging. Wang et al. [25] compared residential and
workplace charging behaviours among Swiss commuters, revealing that workplace charging can
substantially reduce the need for electricity imports and storage while promoting the integration of
PV electricity. The same result was found by Bastida-Molina et al. [26] in the Canary Islands, and
Jeannin et al. [27] in Copenhagen, who showed that charging EVs at work significantly increases the
proportion of EV demand met by PV generation.
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Dumoulin et al. [28] assessed the self-sufficiency potential of PV systems in Ethiopia, revealing
that the average daily self-sufficiency exceeded 80% at workplaces for PV capacities of 1.5 kW per EV
or higher. In Beijing, China, Fu et al. [29] implemented a workplace solar charging system to offer
intermittent but free charging services for employees. The charging energy was sourced exclusively
from rooftop PV installations without energy storage, successfully covering 96.1% of employees’
commuting travel demand. The study observed changes in user behaviour, including increased plug-
in durations and a greater willingness among employees to arrive at and depart from work with a
lower state of charge, reflecting adaptability in charging habits and reduction of range anxiety.

3.5. Charging Stations on Highways

Highways concentrate high charging demand but also have the advantage of having larger space
for PV installation. Piras et al. [30] explored the utilisation of PV energy generated within highway
infrastructures, including service areas, toll stations, car parks, and side sections, for EV charging. A
case study centred on the A3 Napoli-Pompei-Salerno highway demonstrated that PV systems installed
in these highway areas could satisfy a substantial portion of the energy requirements for electric
mobility. Zhang et al. [31] investigated the integration of PV noise barriers with storage and charging
stations in Guangzhou, China. The findings indicated that such systems could consume up to 58% of
the generated PV energy for EV charging. Li et al. [32] focused on a highway rest area equipped with a
200 kWp PV system and 300 kWh of storage capacity. The study demonstrated that this configuration
effectively minimised operating costs while simultaneously improving user satisfaction.

In Michigan, USA, Deng et al. [33] assessed the feasibility of integrating batteries and PV systems
to support fast charging infrastructure. The study revealed that such integration could reduce peak
demand by up to 66% and decrease the LCOE by as much as 50%. However, the analysis also noted
that the use of batteries, while economically advantageous, could potentially lead to an increase in
carbon emissions, highlighting a trade-off between cost savings and environmental impact. PV-systems
can also be completed by other sources of energy. Nguyen et al. [34] demonstrated the feasibility of
fully electrifying the highway network of Taiwan using a combination of PV systems, wind energy, and
battery storage, demonstrating the potential to meet the energy demands of highway infrastructure.
Kotarela et al. [35] conducted a techno-economic analysis of a fast-charging station located on the island
of Zakynthos, Greece. The study demonstrated that the investment in the fast-charging infrastructure
achieves a payback period within the first six years of operation, underscoring its economic viability.

3.6. Public Charging Stations

Almasri et al. [36] reviewed the literature on renewable-powered charging station, showing the
potential of PV-based sytem for public CS. They highlighted the need of a PV production forecast
to optimize the sizing and follow PV production schedules. The main challenge of PV-powered
CS in cities is to fine suitable space to install the required PV panel area. A first solution is to use
surplus enrgy from public building. Pinto et al. [37] investigated the integration of PV systems and
batteries in a public building in Brazil. The study determined that approximately 85% of the total
energy required to charge the battery energy storage system would be derived from surplus PV energy,
with the remaining 15% sourced from the utility grid. Alwesabi et al. [38] proposed covering gas
stations with PV panels and integrating charging stations across New York State, USA. The analysis
demonstrated that all gas stations in the state could collectively generate 522 GWh/year of solar
energy, with payback periods ranging between 2.7 and 6.9 years. This transition would enable the
avoidance of approximately 373,527 tons/year of carbon dioxide emissions. In Wuhan, China, Chen
et al. [39] studied the potential of retrofitting traditional EVCS into PV-battery CS to improve green
and low-carbon energy supply systems. The results show that the central urban districts have high
retrofitting potential, particularly for the CS near hotels.

Sayed et al. [40] showed the fesability of a PV-wind hybrid charging station situated in the South
Bronx, New York, designed to meet a 100-kW demand. Meanwhile, in Iraqi cities, Alhayali et al.
[41] optimized PV and battery systems to complement grid-connected charging stations in Mosul,
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Baghdad, and Basrah, achieving renewable energy fractions of 53%, 52.7%, and 52.7%, respectively.
In Wuhan, Huang et al. [42] showed the feasibility of achieving 100% PV energy utilization in EV
charging stations.

In less densly populated area, like Qeshm Island, Iran, Naseri et al. [43] proved that 18% of
the area is suitable for constructing solar-based EV-charged stations. In 2040, 74.96% of the required
charging through solar energy. A similar result was obtaiend in Khuzestan province [44] where PV
can supply 90.55% of the required energy for charging stations can be covered with solar energy. In
practice, 70% of the cities in the region possess such potential. Da Paixdo et al. [45] presented a case
study in Osorio, South Brazil, featuring a carport equipped with a 9 kWp PV system, a 24 kW /30
kVA wind turbine, and a 100 kW /215 kWh battery energy storage system. This integrated renewable
energy infrastructure was facilitating up to 175 recharges of 40 kWh each per month. Muyeed et al.
[46] studied grid tied PV-powered CS in five locations in Bengladesh, showing that the PV production
could cover around 90% of the demand in the five locations and produce up to 171% of the demand,
benefiting from the reinjection of electricity into the grid. The proposed systems could reduce charging
costs by 30% compared to grid only solutions.

3.7. Key Findings

This section showed a good potential of using PV electricity to cover a large share of EV charging
needs et the city or country scale. In residential contests, the challenge resides in time complementarity
of EV charging with PV production time-frames. For the same reason, universities and workplaces
seems to be the optimal location for charging EV from PV. Highways present enough area available for
PV to cover part of the charging needs of EVs. At public charging stations, PV electricity can cover
from 50% to 90% of the charging demand and can benefits from reinjection f the production surplus to
the electric grid. Yet, EVs can also offer benefits for PV production by absorbing overproduction and
provide storage through V2X.

4. How EVs Benefits to PV
4.1. Flexibility & Grid Impacts

EV charging can offer flexibility in the electricity demand that can be beneficial to the PV pro-
duction and enable to use more PV electricity. A review by Damianakis et al. [47] demonstrated that
the integrated deployment of PV systems and EVs effectively mitigates grid impacts, reducing the
necessity for additional infrastructure solutions. In Kyushu, Japan, Kanai et al. [48] found that renew-
able energy curtailment during daytime could be nearly Steinbach and Blaschke [49] demonstrated
that integrating PV, EV and home battery systems in Germany could yield substantial savings in grid
reinforcement costs, up to €3.2 billion nationwide, with reductions ranging from 39% in rural areas
to 51% in urban settings. In Switzerland, Parajeles Herrera et al. [50] highlighted that unidirectional
EV charging flexibility during idle periods could boost Alpine PV integration by up to 500 GWh,
particularly in winter, while reducing electricity costs by up to 6%.

In residential settings, Van der Kam et al. [51] examined PV self-sufficiency in households
equipped with EVs, heat pumps, and home storage systems. The findings indicated that while
EVs introduce a substantial load to household energy demand, smart charging strategies effectively
mitigate this impact. By optimising charging schedules, smart charging significantly increases PV
self-consumption. A study conducted by [52] in Italy examined the integration of EVs within a building
equipped with a 20 kW PV system serving ten apartments and four EVs. The findings revealed that
the EVs absorbed over 27% of the annual electrical overproduction, fulfilling 9.7% of the users’ energy
demands. This integration effectively mitigated curtailment issues and significantly boosted renewable
energy self-consumption within the residential complex. In Sweden, Fachrizal et al. [53] conducted
an assessment of the combined hosting capacity of PV systems and EVs in residential low-voltage
grids. The findings indicated that the implementation of smart charging strategies and PV curtailment
substantially enhances the hosting capacity for both EVs and PV systems, with a positive correlation
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observed between the two technologies. Wanninayaka Mudiyanselage et al. [54] observed the same
synergistic relationship between EV hosting capacity and PV penetration within a residential low-
voltage network in Australia: an increase in EV hosting capacity enhances PV penetration, and vice
versa.

4.2. Benefits of V2X

The commercialization of vehicle-to-home (V2H) systems started in Japan in 2012, following
the Fukushima disaster [55]. Since then, the integration of PV systems with EVs has emerged as a
strategic approach to enhance energy resilience and decarbonization efforts. In the Tokyo metropolitan
area, Japan, Nadimi et al. [56] demonstrated that V2X technology significantly enhances solar self-
consumption, increasing it from 6% to 26% by improving the temporal alignment between solar
generation and EV charging demand. Without V2X, EV charging remains poorly synchronised
with solar availability. Kobashi et al. [57] demonstrated that, in Kyoto, residential districts benefit
significantly from PV+EV integration, achieving nearly double the cost savings in 2030 compared
to PV-only systems. At national scale, Trang et al. [58] conducted a techno-economic assessment of
rooftop PV integrated with EVs across all 1,741 municipalities in Japan. The results revealed a 87%
reduction in carbon emissions and a 33% cost reduction when combining PV with EVs. Chang et al.
[59] analyzed the decarbonization potential of rooftop PV combined with EVs in five Korean cases
(four cities and one province) from 2019 to 2030, revealing CO, emission reductions of up to 86% and
energy cost savings of up to 51%. In Bangkok, Thailand, Jittayasotorn et al. [60] projected that by
2030, a PV+EV system could achieve a 73% reduction in CO, emissions from electricity and vehicle
usage, while supplying 71% of the city’s electricity demand. This integrated system is also expected to
reduce energy costs by 59%, based on estimated technology costs for 2030. Similarly, Dewi et al. [61]
demonstrated that in Jakarta, Indonesia, combining rooftop PV systems with EVs as batteries could
meet 75 to 76% of the city’s electricity demand with affordable, CO,-free electricity. This integration
offers potential cost savings of 33-34% and a 76-77% reduction in CO; emissions from both electricity
generation and driving, significantly improving urban air quality.

Liu et al. [62] demonstrated in 2022 that, in Shenzhen, coupling EVs with PV systems at the
city level could significantly improve PV self-consumption, from 78% in a PV-only system to 95% in
a PV+EV configuration by 2030, while reducing citywide CO, emissions by 42% (across electricity
and mobility sectors) and generating net cost savings of 21%. Addressing grid impacts, Hao et al.
[63] noted that while 30% fleet electrification could increase regional grid load by 20%, this could be
mitigated to 15% through V2G technology. Bouaziz et al. [64] investigated the integration of a PV
and battery system in a residential and commercial building in Tunisia. The findings demonstrated
that V2G technology achieved a 79% reduction in grid adaptation. The real-world feasibility and
cost-effectiveness of V2G systems have been demonstrated in France by Canaan et al. [65]. In Germany,
V2X in energy communities has been shown to significantly contribute to the electricity autarky of
residential quarters, thereby reducing reliance on grid electricity [66].

At the country level, Bostrom et al. [67] demonstrated the theoretical feasibility of a nation wide
energy system in Spain, relying solely on PV production, using EVs for V2G services, with an of 73
m? of PV per inhabitant. Milstein et al. [68] showed that implementing V2G technology could render
a 100% renewable energy system more economically attractive than the current PV and gas-based
system in Israel.

4.3. Reduction in Storage Requirements

In a study focused on residential energy systems, Syla et al. [69] demonstrated that V2G tech-
nology can reduce storage requirements by up to 37% in Switzerland. In Germany, Gnann et al. [70]
concluded that the addition of battery storage systems is unlikely to be cost-effective in households
with EVs, given the existing benefits of smart energy management. Azarbakhsh et al. [71] confirmed
that the implementation of V2H functionality in grid-connected households with EVs can entirely
eliminate the necessity for battery energy storage systems, while simultaneously reducing electricity
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costs by approximately 5% compared to households equipped with PV systems, BES, and EVs without
V2H capability. Meanwhile, in Poland’s Lublin region, Malek et al. [72] found that wind and PV could
achieve self-balance within a local EV charging system using minimal energy storage. At country scale,
Parajeles Herrera et al. [50] demonstratied strong complementarity of PV-V2X with pumped hydro
storage.

In work context, Liu et al. [73] studied an office building in China that provided free, intermittent
solar charging to 80 private EVs without the use of stationary batteries. The parking area was fully
equipped with PV panels, resulting in a capacity of 5 kWp per parking space and chargers with a
power output of 10 kW. The economic analysis revealed a payback period of 4.5 years, compared to 9.5
years if storage had been included.

Borchers et al. [66] focused on energy communities in Germany, highlighting the potential of
vehicle-to-quarter systems, which diminish the need for home battery storage by assuming their
functional role within the energy community. In an energy community on a university campus in
Palermo, Italy, Amico et al. [74] demonstrated that V2G integration reduces the requirement for local
battery storage and lowers investment costs. This is particularly interesting in countries with low CO,
energy sytems, such as Sweden, the lifecycle CO, footprint of PV combined with storage can exceed
that of grid electricity, primarily due to the environmental impact of battery production [75]. The same
observation was concluded in France by Deroubaix et al. [9].

4.4. Off Grid Systems and Enerqy Commmunities

PV+EV systems offers a low carbon and scalable solution for isolated areas and unreliable grid. A
review by Irfan [76] emphasised the urgency of transitioning to renewable energy, EVs, and advanced
energy management systems in energy communities in Australia to lower their carbon footprint. Ideed,
the adoption of V2H technology has been shown to reduce diesel use by over 30%, while increasing
the renewable energy share to 96.40% and achieving a 91.2% reduction in carbon monoxide emissions
compared to the diesel baseline [77]. The economic analysis indicated a payback period of 7.12 years
and a LCOE of 0.1756 $/kWh. In the same principle, Nadimuthu et al. [78] demonstrated the feasibility
of integrating V2G technology with renewable energy microgrids for rural electrification in India. In
Malaysia, [79] found standalone hybrid system comprising PV, battery, and hydrogen storage for EV
charging in residential applications to be economically viable, with a payback period of 5.4 years.
Moreover, the intra-community sharing of energy among members amplifies the economic benefits of
combined EV and PV adoption as shown within a community in Macedonia by Velkovski et al. [80].

4.5. Key Findings

This section highlighted the role of EVs to enable higher PV electricity penetration while limiting
grid impacts and need for reinforcement. Particularly, smart charging and V2X can limit the impact of
both a high share of EVs and a large PV capacity, at regional and household scale. EVs and PV together
increase the energy autonomy of quarters and regions with limited static storage requirements. EV-Pv
systems are also appropriate to off-grid systems. Besides, EV-PV systems are cost-saving and offers
CO, emissions cuts by 42% to 91%.

5. Levelized Cost of Electricity in Various Contexts

EVs are already cost effective compared to ICEVs in industrialized countries. Moreover, PV-based
charging can lower the charging costs. Gonela et al. [81] compared the total cost of energy and
transportation for single family households in Texas. They showed that less expensive option for
electricity and mobility together is owning an EV and a solar installation compared to owning an
ICEVs and using only grid electricity. In Orlando, Florida, in 2024, research by [82] revealed that using
rooftop solar energy to charge an EV can yield monthly savings of up to $100 for residents compared
to the cost of gasoline. The study noted that existing homes equipped with a 9.5 kW PV system and a
42.2 kWh battery are projected to achieve positive financial returns by 2029.
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In an urban context, Arowolo and Perrez [10] showed that in Paris, Lyon, and Marseille, France,
PV-powered charging achieve a LCOE of 0.04€/kWh, cheaper than the grid tariff (GT). Dorre et al. [83]
found that the integration of PV systems is economically advantageous for EV charging stations in
Germany when the GT exceed 0.15 EUR/kWh. The economic potential is further amplified if charging
occurs predominantly during daylight hours, aligning with peak PV generation periods.

In Brazil, Castro et al. [84] evaluated the annual cost associated with operating an electric car. They
found it to be 76.49% lower when utilising electricity supplied by energy concessionaires, and 81.35%
lower when powered by PV plants, compared to the operational costs of an ICEV. Costa et al. [85]
confirmed this result on a PV-powered EV charging station along a highway in Brazil, demonstrating
that the cost of refuelling EVs at the station was 72% lower than the equivalent cost for ICEV.

Additionally, smart charging and V2G can reduce costs for storage and grid reinforcement. In
Germany, [70] demonstrated that the deployment of smart energy management systems can yield
annual savings of up to €900-€1200 for households equipped with heat pumps, PV systems, and
EVs. Hao et al. [86] presented an optimisation framework for vehicle-grid-building-PV systems,
demonstrating a 55% reduction in charging costs and an 11.6% decrease in carbon emissions compared
to random charging strategies. This approach also achieved a PV utilisation rate of 95%. A study by
Chen et al. [87] in China as well, highlighted that V2H technology significantly reduces the optimal
PV installation capacity and the total electricity cost for households, thereby enhancing the overall
efficiency and affordability of residential energy systems.

In a design of a 100% renewable energy system for the island of Mauritius, Edoo et al. [88]
demonstrated the critical role of EV integration in enhancing system efficiency and affordability.
Their findings revealed that implementing smart charging strategies for 25% of the EV fleet could
reduce the required energy storage capacity by 16%, thereby lowering the LCOE to 0.114 $/kWh.
Furthermore, the adoption of V2G technology, with an estimated 203 charge/discharge cycles per year,
could further decrease the LCOE to 0.0949 $/kWh, a figure that includes financial incentives for EV
owners participating in the V2G program.

Only standalone charging systems seems to results in slightly higher costs compared to GT.
In Egypt, Mousa et al. [89] demonstrated that grid-tied configurations offer the most cost-effective
solution compared to standalone systems, which would require substantial capital investment and
oversized generation capacity, resulting in LCOEs 20 to 60 times higher. The same observation was
shown by Terada et al. [90] in residential microgrid in Brazil, as it necessitates substantial investments
in renewable infrastructure and storage capacity, which consequently results in an overall increase
in total system cost. Minh et al. [91] analysed the technical and economic feasibility of PV-powered
EV charging stations in Vietnam in 2021, highlighting that the cost of electricity is slightly above the
grid price. Ali et al. showed that autonomous PV-batteries fast CS are feasible in Egypt but still more
expensive than natural gas ones: Ali et al. [92] however, showed that including PV in CS in UAE has a
positive economic impact.

Further technology improvements and cost reduction should make EV-PV cost competitive in
developing countries in the next decade. In a recent study, Noll et al. [93] showed that EVs powered
by off-grid PV-based charging systems will be cost effective across Africa well before 2040. The Table 1
summarize the LCOE of EV-PV systems in various contexts.

5.1. Key Findings

In industrialized counties, EV+PV together are more cost-effective than than the use of ICEVs
and grid electricity. This section also highlight the lower operation costs of EVs, that should be further
decreased by technology improvements.
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Table 1. Overview of LCOEs for diverse systems

Study

Place

LCOE & Payback
period

CO, emissions re-
ductions

System description

up to 48% from elec-

Arowolo and Per- | Paris, Lyon, and | 0.04€/kWh tricitv and vehicle EVs and rooftop PV at city scale, 50% roof coverage and 50% fleet electrification, 42%
rez [10] Marseille, France (0.05%/kWh) use y of total electricity demand coverage while reducing
0.080 to 0.099
Minh et al. [91] Vietnam $/kWh (grid 0.077 PV-powered EV charging stations
$/kWh)
0.114 $/kWh
. .. (smart charging) full renewable energy system, smart charging or V2G strategies for 25% of the EV
Edoo etal. [85] island of Mauritius 0.0949 $/ %W%l fleet, includes finangzl i}rllcentives for EV o%vn%rs §
(V2G)
. over 700 rid-tied EVCS, 330 kW wind turbine and 308-417 kW of PV capacity, more cost-
Mousa etal. [89] Beni Suef, Egypt 0.00403/kWh tonnes/year/site gffective solution than off-grid+storage pae
Alhayali et al. [41] ﬁilsggsraﬁﬁﬁggadl 0.025%/kWh Er]if 50; 7550/0’ 52.7%; optimized PV and battery systems to complement grid-connected charging stations
0.00462%/kWh
(Izmir) to 55% compared to
Ozturk et al. [94] 12 Turkish cities 0.0678%/kWh id-onl P . PV-powered EVCS systems with local storage
(Istanbul), payback: grid-only scenarios
under 10 years
6.08-7.38 to 2.81-
Liu et al. [95] Shenzhen. China 3.20 ¢/kWh after Integrated PV and EV system, LCOE decreased from due to lower investment costs,
' ! tech. progress (0.87 V2G cost-effectiveness limited if PV self-consumption is already high
- 0.40 $/kWh)
Ismail et al. [79] Malaysia payback: 5.4 years standalone hybrid system with PV, battery, and hydrogen storage in residential

applications

annual saving of | 13,185.625
Sulthan et al. [96] Brunei Darussalam | BND 720.00, 4.6 | kgCOseq over | 10 kWp PV system, single EV in residential context
years payback lifetime
. . 0.0554 $/kWh, . . .
Aldaliee et al. [97] Rlyadh, Saudi Ara- slightly higher than | REF 92.55% Grl'd—cor'mected PV and battery energy storage system integrated with an EV for
bia GT residential
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Remote and off-

Roy etal. [77] grid Agstralian I?);c7k5:67?1/ 21( xg;say_ ?5512: /90 6. 45‘;()(111Ct101’1, V2H technology, reduced diesel use by over 30%
communities
0.074 AUD/kWh
(0.05$/kWh), EV
charging cost of | 160,198 kgCOye

Khan et al. [98]

Canberra, Australia

0.95 AUD/100km
(0.66$/kWh) Pay-
back period: 4.46
years

saved over system
lifespan

BIPV system combined with residential EV charging

Kassem et al. [99] Egypt payback:5 to 10 | 109.5 metric | At university, 100 kW PV-grid-integrated EVCS for 10 EV charges per day at 30 kW

years tons/year per charge

0.0529 $/kWh
Rehman et al. [100] Dhahran, Saudi | (54% reduction Large-scale PV-powered EV charging facility (18 EVs, 578 kWh daily load); Annual

' Arabia compared to GT savings: 0.8 million USD, IRR: 10%
payback: 8.9 years
. renewable ener Grid-independent solar PV, storage, and natural gas-based EV charging station, 83%

Khan etal. [101] Kajang 0.109 $/kWh fraction: 63.8% & PV, 17% nztural gas, socioeconorr%ic impact: 2.91 ;gobs/ year sne
Robisson et al. | Southern France | 0.265 €/kWh PV car park for 1,000 vehicles, PV peak power: 1.28 MWp (smart charging) vs. 3.42
[102] (research centre) (0.31$/kWh) MWp (basic plug-and-charge)

Liu et al. [73]

China

free charging, pay-
back: 4.5 years (vs.
9.5 years with stor-

Office building PV charging for 80 private EVs, 5 kWp/PV parking space, 10 kW
chargers, distributed charging strategy, no stationary batteries or grid upgrades
required

age)
. . 0.6480 - 0.6260 L . o . o
Liu et al. [103] T]lrea)l(n station com- yuan/kWh 26.14% fl};?:rgmg integrated with PV, 73.36% EV demand met by on-site PV at 100% roof
P (0.09%/kWh) g

Mourad et al. [104]

Paris-Saclay, France

0.07 €/kWh, pay-
back: 6.65 years

Data-driven optimisation for EV fast-chargers along suburban highways, 20-year
operational lifetime

0.029 $/kW (vs.

Karmakar et al. | metropolitan cities GT:50.080/kWh),
Tl P payback: 6.4 years Grid-tied PV highway charging stations, 70.6% demand met by PV for 90 EVs
[105] in India (Chennai) - 11.3
years (Delhi)
0.19 *vs. 0.13 self-sufficiency rate:
Xu et al. [106] China yuan/kWh (0.03 - 41.6°% y rate: PV-powered charging system
0.02$/kWh) e
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Mauludin et al
[107]

Cipali, Semarang-
Solo, Surabaya-
Mojokerto  high-
ways (Indonesia)

0.15 $/kWh, pay-
back: 4 years

40% demand cover-
age

Hybrid PV and wind turbine EV charging system

Ukwuoma et al

Solar PV-battery-diesel hybrid system, PV: 19.6-93.9 kW, battery: 31.7-214 kWh;

[108] Abuja, Nigeria 0218 $/kWh 61% during outages optimised for fixed /dynamic TOU tariffs, outage mitigation 4-12 h/day
Kathmandu
Ukwuoma et al (Nepal),  Niamey
[108] | (Niger), Kampala | 0.22-0.23 $/kWh Comparative LCOE analysis for PV-battery-diesel hybrid system
(Uganda), La Paz
(Bolivia)
0.15 €/kWh (0.18 PV integration for EV charging stations, economically advantageous when electricity
Dorre et al. 53] Germany $/kWh) purchase prices exceed 0.15 EUR/kWh, especially with daylight charging
Berlin,  Munich, 0.181 €/kWh (0.21 Stand-alone EV charging stations with hybrid PV /wind/battery systems; hybrid
Dejkam et al. [109] | Hamburg, Cologne $./kWh) : optimal in Berlin, Munich, Hamburg, WT /battery preferred in Cologne due to wind
(Germany) conditions
Osman et al. [110] C.onstanta, Roma- 6,239 kg /year Grid-tied 9.6 kWp PV chargl.ng system with 68.8 kWh storage, 92.2% solar coverage
nia of 1 MWh annual consumption
0.0420$/kWh, pay-
Adefarati et al. | Tuckson Mall, the | back: 4.10 years, re- . . o
[111] United States urn on investment: PV-EV-battery-grid system for a commercial building
19.0%
e 1 payback: 1.762 Solar-powered EV charging station on a parking lot roof, 175 kWp PV power plant
Zorlu et al. [112] Kocaeli, Tiirkiye years 169.880 tons/year with a 120 kW DC charging station
54.75 tonnes (44.4%

Benayad et al. [113]

Benguerir, Morocco

decrease compared
to ICEV) with 36
sites

22 kW prototype CS, PV panels, a 2.34 MWh battery storage system, grid-tied.

0.346 $/kWh, pay-

8 chargers of 150 kW and 40 chargers of 48 kW, 468 kW PV array, 29 kWh batter-

Elkholy et al. [114] | Cairo, Egypt back: 5.8 years ies, time-of-use tariffs. PV+batteries was more cost effective that fossil fuel based
o generators.

052 $/kWh, pay- solar, wind, and biomass for 70 EVs, the feasibility of the proposed systems could

Ampahetal. [115] | Ghana ) » pay improve with improvement in components’ efficiencies and lifetime, and reduction

back: 8 years

in unit costs.
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6. Implementation Barrier and Success Criteria
6.1. Geographic Variations

The Figure 6 illustrate the geographic variations of the PV power potential across the globe.
Depending on the area, the potential yearly production depending on the installed capacity is almost
divided by three. Consequently, for a given charging need, the suitable PV system will vary in size
and price. Numerous studies compared the optimal PV system in different geographic locations,
highlighting the necessity to design solutions adapted to local irradiance and mobility needs. In urban
environments, Rotas et al. [116] examined the use of residential solar PV for charging in Berlin and
Los Angeles, revealing that it could decrease annual energy consumption, greenhouse gas emissions,
and charging costs by 59% in Berlin and 98% in Los Angeles compared to reliance on the national grid.
In a comparative study of workplace charging stations in Stockholm and Hawaii, Fachrizal et al. [117]
determined the optimal PV system sizes for facilities with 40 EV charging ports. The analysis identified
50 kWp as the optimal PV capacity for Stockholm and 40 kWp for Hawalii, reflecting regional variations
in solar resource availability. El Haroui et al. [118] conducted a comparative analysis of optimised V2G
systems within a residential context integrated with PV installations across three regions: Morocco,
France, and Tunisia. The study underscored how variations in solar irradiance levels and dynamic
pricing profiles significantly influence the optimal scheduling of EV charging and V2G operations, as
well as the associated energy costs.

SOLAR RESOURCE MAP
PHOTOVOLTAIC POWER POTENTIAL

165°W 750’\‘{ J95W. 120°W 105°W 90°W 5*W 60°W a45°\W

Long-term average of photovolaic power potential (PVOUT)
Daily totals: 2.0 2.4 2.8 3.2 3.6 4.0 %A 4.8 5.2 5.6 6.0 6.4

|| D <\Vh/KWp

Yearly totals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

This map is published by the World Bank Group. funded by ESMAP, and prepared by Solargis. For more information and terms of use, please visit http://globalsolaratlas.info

Figure 6. Map of the photovoltaic power potential from solargis [119], xpressed in long term yearly average of
power output per installed power capacity, in kWh/kWp

Irradiance also varies within a country. Trang et al. [58], in their analysis over Japanese mu-
nicipalities highlighted that the decarbonization potential varies significantly by region: southern
municipalities exhibit higher potential than northern ones. Ozturk et al. [94] analyzed the optimal de-
ployment of PV charging stations across 12 Turkish cities. Their findings revealed that self-sufficiency
levels could reach 65% in cities like Izmir and Gaziantep, where space and solar irradiation are abun-
dant, but drop to 54% in high-demand, space-constrained areas such as Trabzon. In regions with high
solar irradiation (>4.5 kWh/m?/day), local storage becomes economically viable below 150$/kWh,
with payback periods under 10 years.

Minh et al. [91] in Vietnam in 2021, emphasized that investment efficiency is highly dependent
on solar irradiation levels and feed-in tariff prices, with regions like Ho Chi Minh City, characterized
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by high solar irradiation, being more favorable for such investments compared to areas with lower
irradiation, such as Hanoi. Dejkam et al. [109] evaluated stand-alone EV charging stations powered
by hybrid systems combining PV, wind turbine, and battery storage across four major German
cities: Berlin, Munich, Hamburg, and Cologne. The findings indicated that hybrid PV/WT/battery
configurations were the most cost-effective solutions for Berlin, Munich, and Hamburg. In Cologne,
however, a WT/battery system proved more suitable due to favourable wind conditions and less
irradiance.

On the top of irradiance, the urban density was shown to have an impact on the system design.
Deroubaix et al. [9] noted that PVs with EVs is more effective in suburban regions in France than in
the city of Paris. The same effect was observed in Japan by Trang et al. [58], where densely populated
urban areas like Tokyo’s special districts face limitations due to constrained rooftop space. Conversely,
rural areas could meet up to 98% of their electricity demand through PV+EV systems, generating
surplus electricity several times their consumption needs. Yang et al. [120] further demonstrated
that V2G and smart charging strategies reduce peak-valley load differences up to a 70% reduction in
midday load in low-demand cities like Lianyungang, China though results remain more limited in
metropolitan areas such as Shanghai. This regional disparity highlights the importance of tailored
strategies to maximize the benefits of PV+EV integration diverse geographic and urban landscapes.

Finally, different geografical areas will induce different mobility patterns in the EV owners. In
Portugal, [121] assessed the sustainability of local PV-generated electricity compared to grid electricity
for EV charging. The study concluded that local PV becomes a more sustainable option when the
weekly travel distance exceeds 50 km. In Germany, [70] also observed that the savings are contingent
on daily and annual mileage patterns.

6.2. Success Criteria

As emphasized Di Natale et al. [122], V2G viability at large scale hinges on two critical condi-
tions: a sufficient aggregated EV battery capacity and a significant expansion of renewable electricity
production. The authors called for further research to identify the tipping points for V2G adoption,
particularly the minimum number of participants required to maximize potential benefits without
compromising individual battery longevity. Xavier et al. studied the economic viability of a PV-covered
parking With EV CS in Uruguay [123], and also concluded on the importance of higher EV share to
ensure the economic viability of PV-based CS.

Moreover, to maximize the potential of EV charging flexibility, feed-in and time of use tariffs have
been shown important and efficient. Parajeles Herrera et al. [50] and Kumar et al. [124] emphasized
the need for regionally and seasonally differentiated tariffs to guide charging behaviour of households
with PV systems. Etxegarai et al. [125] investigated the application of time-of-use tariffs for EV
charging, utilising real data from a PV collective self-consumption project in the Basque Country,
Spain. Through simulations conducted over a six-month period, the study demonstrated that the
implementation of the third time slot strategy resulted in a 13.1% increase in the self-consumption
rate, achieving an average of 93.09%. Furthermore, this approach led to a 25% reduction in the cost of
EV charging. Especially for EV owners living in apartments, as these households are likely to have
vehicles parked at home during the day and are unlikely to have access to PVs for direct charging,
Hajhashemi et al. [15] showed benefits of midday tariff discounts in Victoria, Australia. Gschwendtner
et al. [126] further highlighted the role of implementing affordable workplace charging on the top of
time-of-use tariffs to successfully shift charging loads from peak evening hours to midday. In Estonia,
Shabbir et al. [127] showed that feed-in tariffs exerting a substantial influence on the economic viability
of rooftop PV systems for residential EV charging.

Kobashi et al. underscored the pivotal role of governance in accelerating the adoption of PVs
and EVs nationwide [55]. In several studies taxes appeared to be a efficient tool to incentive PV-based
charging. Doostkhah-Ahmadi et al. [128] analysed a household system in Iran comprising an EV, PV,
and battery storage. The study emphasised the influence of carbon taxes on the installation of PV
panels and the resulting return on investment or daily energy savings. Osawa et al. [129] conducted an
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evaluation in Japan focusing on residences with extended parking durations, assessing the cost parity
between battery EVs combined with V2H systems and gasoline vehicles equipped with stationary
batteries under varying carbon tax scenarios. The analysis determined that, by 2030, the carbon tax
rates at which the total cost of ownership for BEVs with V2H systems and BEVs with both V2H systems
and SBs would equal that of GVs with SBs are approximately 24,000 yen/t-CO; (151 $/t-CO,) and
46,000 yen/t-CO, (297 $/t-CO;), respectively. These projected tax rates significantly exceed Japan's
current "tax for global warming countermeasures,” which stands at 289 yen/t-CO; (1.87 $/t-CO5).
Abdelhady et al. [130] showed that under current tariff structures, reliance on the utility grid was most
cost-effective option for residential EV charging for households in Oman. However, simulations of
future tariff reforms and capital cost subsidies demonstrated a significant increase in the optimal PV
system size and a reduction in costs, highlighting the critical role of tariff policy and capital cost in
determining the feasibility of such systems.

Another responsability of public institution is the expansion of the public charging infrastructure.
Syla et al. [69] demonstrated that the expansion of public charging infrastructure was shown to
decrease storage needs by up to 66% and lower system costs by 29% by 2050 in Switzerland. In the
Tokyo metropolitan area, Japan, Nadimi et al. [56] revealed that, under V2X, EVs utilise solar energy
for charging approximately four times more frequently, and underscored the necessity of supporting
the installation of bidirectional chargers to fully realise these benefits.

Finally, technological progress is expected to have huge impact on the cost efficiency of EV-
PV coupling. In Shenzhen, China, Liu et al. [95] identified technological progress as the primary
determinant of the economic feasibility of integrated PV and EV systems. The LCOE was shown
to decrease from 6.08 ¢/kWh (0.87 $/kWh) to 2.81 ¢/kWh (0.40 $/kWh) with rapid technological
advancements, primarily driven by lower investment costs. Pinto et al. [37] investigated the integration
of PV systems and batteries in a public building in Brazil. The study determined that approximately
85% of the total energy required to charge the battery energy storage system would be derived from
surplus PV energy, with the remaining 15% sourced from the utility grid. While the current financial
attractiveness of BESS insertion remains limited, it is projected that the costs associated with BESS will
decline in the coming years, potentially enhancing its economic feasibility.

6.3. Other Contexts

Most of cited studies presented newly build systems, but Asikoglu Metehan [131] demonstrated
that retrofitting existing buildings to achieve plus-energy status (including EV charging) is economically
viable in Turkey. In an other innovative approach, EV batteries that lost above 20% of capacity can
be repurposed as static battery storage for PV [132] which would reduce the carbon footprint of the
storage system by 50 to 90%. The solution would be cost effective in Italy if new battery prices stay
above €150-200/kWh. Eissa et al. [133] also studied a standalone PV system with second-life batteries
at Tennessee state park, USA and found a life cycle cost reduced by 32.16%, when compared to the
baseline. Alberizzi et al. [134] examined a battery swapping station in Italy, powered by a combination
of PV and grid electricity, with the advantage of having batteries available during PV production
periods. Shared autonomous EVs also shows a great potential [135] to reduce peak-valley differences.

6.4. Key Findings

This section synthesized the key challenges and success criteria for implementing EV-PV systems.
The design of these systems must be tailored to local contexts, accounting for geographic variations in
solar irradiance and urban density. Access to public charging infrastructure, both at workplaces and in
public spaces, emerges as a critical success factor. Additionally, tariffs and taxes influence the system
cost, shaping the economic viability of such systems.

7. Conclusion

The rapid progression of EV and PV sales in the past five years, partially driven by the need of
decarbonation of both transportation and energy systems created a strong research interest in EV-PV
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coupling potentials. This reviews gather studies in wide geographical contexts on the benefits and
challenges of EV-PV coupling.

Coupling EV charging with PV electricity production shows both environmental and economical
benefits. EV-PV together reduces significantly the CO, emissions of mobility and energy production
in most countries. Only countries with a decarbonized grid (Sweden, France) see less CO;, emissions
reduction potential in the case of additional local storage. Moreover, the switch to EV+PV improve
air quality and can create jobs. The environmental benefices can be further enhances by innovative
application, like car sharing or repurposing of car batteries into local storage for PV. Moreover, EV-PV
coupling is already cost effective compared to fossil fuel-based electricity generation and mobility in
industrialized countries. Further technology improvements and cost reduction should make EV-PV
cost competitive in developing countries in the next decade. The current LCOE of PV-powered charging
and V2X are lower or equivalent of the grid tariffs in most of the studies. EV-PV is also a cost effective
solution for off grid systems, or in case of a non reliable grid. Its is competitive with diesel based
generators and ICEVs, has a good complementarity with wind and hydro or can be complemented
with a smaller diesel generator if needed. Work, public, or university contexts have the higher coupling
potential thanks to a better compatibility in PV production and plug-in time-frames. However, EV-PV
coupling can already be efficient at local scale for households, building, and energy communities. The
coupling potential at home is highly dependant on the availability of the EV during the day. The
use of V2X at home can replace the use of local battery storage not economically interesting, which
reduce the environmental impact of the systems. Grid-tied PV charging systems are more economically
interesting, because they spare investment for local storage.

Practical considerations have to be taken into account in the design of EV-PV systems. The
coupling potential shows high variations depending on local irradiance and driven distances by cars.
Higher irradiance and higher daily driven distance leads to higher cost reduction. Rural and suburban
areas also shows higher potential, due to a greater available area for PV compared to the electricity
needs. Additionally, feed in tariffs have a high impact on the cost effectiveness. Availability of smart
chargers at work and public places, and access to bidirectional chargers in residential areas are strong
leviers that policymakers can incentive to maximize the benefits for EV-PV coupling. Flexibility in
work schedule can also increase the concordance of PV production with EVs plug-in times.

While a variety of studies quantifies the economical benefits of EV-PV coupling, only few of the
clearly quantify the environmental benefits and CO, reductions. The environmental benefits should
be better evaluated in the next studies to enable a global overview. Energy communities seems to be
the optimal context, but is not widely studied. Further studies should explore the EV-PV coupling
potential in the case of local energy communities more in detail, with various tariff structures and
adapt the economical calculations to projection of costs and EV adoption. Additionally, further studies
should quantify the required share of EVs and PV capacity installed to reach large scale benefits.
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The following abbreviations are used in this manuscript:

EV Electric Vehicle

PV Photovoltaic

V2X  Vehicle-to-everything
V2H  Vehicle-to-home

V2G  Vehicle-to-grid

GT Grid Tariff

CS Charging Station
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The following Scopus query was used:

(KEY ( "electric vehicle*" photovoltaic ) AND NOT TITLE-ABS-KEY ( vipv ) AND NOT
TITLE-ABS-KEY ( algorithm ) AND NOT TITLE-ABS-KEY ( "Solar Electric Vehicles" ) )
AND PUBYEAR > 2014 AND PUBYEAR < 2027 AND PUBYEAR > 2019 AND PUBYEAR
<2027 AND PUBYEAR > 2020 AND PUBYEAR < 2027 AND ( LIMIT-TO ( SRCTYPE , "j"
) OR LIMIT-TO ( SRCTYPE , "p" ) ) AND ( LIMIT-TO ( DOCTYPE, "ar" ) OR LIMIT-TO
( DOCTYPE , "cp" ) OR LIMIT-TO ( DOCTYPE, "re" ) ) AND ( EXCLUDE ( SUBJAREA ,
"PHYS" ) OR EXCLUDE ( SUBJAREA , "CHEM" ) OR EXCLUDE ( SUBJAREA , "CENG")
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(SUBJAREA , "AGRI") OR EXCLUDE ( SUBJAREA , "IMMU" ) OR EXCLUDE ( SUBJAREA
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