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Abstract

As global efforts to decarbonize the transportation sector intensify, integrating renewable
energy sources into electric vehicle (EV) infrastructure has become a critical challenge,
particularly under strong temporal mismatches between generation and demand. This
study evaluates the potential of urban rooftop photovoltaic (PV) systems in Israel to
support full electrification of the private vehicle fleet using a planning-oriented modeling
framework that links energy supply, transport demand, and seasonal variability. Current
annual fleet demand is estimated at 14 TWh, based on both internal combustion vehicle
replacement and EV-specific consumption. A three-stage modeling framework is applied.
First, national vehicle data are used to estimate total electricity demand. Second, rooftop
PV generation potential is calculated using a monthly irradiance model, rooftop availability
data, and system-level efficiency factors. Under these assumptions, residential rooftop PV
could generate up to 81 TWh per year, corresponding to approximately 44 km2 of usable
rooftop area. Third, temporal matching between supply and demand is evaluated, with
explicit focus on intra-annual variability rather than only annual energy balance. Winter
irradiance declines to approximately 45% of summer levels, while maintaining continuous
charging requires approximately 38 GWh of energy storage. These results show that system
feasibility is constrained by winter minimum generation rather than annual energy balance.
The findings highlight that large-scale rooftop PV-based electrification is primarily limited
by a temporal mismatch between generation and demand. This shifts the evaluation of PV-
EV integration from a static annual energy perspective to a temporal system-design problem.
This underscores the importance of integrating storage, grid flexibility, and system-level
planning when evaluating the role of distributed PV in supporting electrified transport.

Keywords: rooftop photovoltaics; electric vehicle fleet; urban energy systems; solar energy
potential; energy storage requirements

1. Introduction
The transportation sector is a major source of greenhouse gas emissions, largely driven

by the dominance of internal combustion (IC) engine vehicles in private mobility [1,2].
Electrification of the vehicle fleet offers a key pathway to emission reduction, but its
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effectiveness depends on the use of low-carbon electricity sources [3,4]. This creates a
system-level challenge of supplying large-scale EV demand with reliable renewable en-
ergy in urban environments [5]. Photovoltaic (PV) systems offer a promising zero-carbon
source for vehicle electrification [6,7]. However, PV generation varies significantly over
time due to diurnal and seasonal changes in solar irradiance, daylight hours, and weather
conditions [8,9]. These variations create major challenges for uninterrupted year-round
fleet electrification, especially in winter when generation drops sharply while nighttime
charging demand peaks. Meeting such demand reliably, therefore, requires substantial en-
ergy storage and grid infrastructure upgrades beyond simple annual energy balances [10].
Rooftop PV systems can help address this challenge by utilizing existing urban infras-
tructure [11–13]. Yet, real-world deployment is limited by available roof space, seasonal
variability, and the need for large-scale storage [14,15]. In practice, deployment is further
constrained by rooftop suitability conditions, including shading effects, roof orientation,
structural limitations, and competing rooftop uses, as well as by economic and behavioral
factors such as installation costs, payback periods, and household willingness to adopt
distributed PV systems [16,17]. Large-scale battery storage solutions are also essential
to ensure a stable energy supply, particularly during extended periods of minimal sun-
light [18]. While numerous international studies have examined rooftop PV integration for
EV charging, most focus on generation potential or localized demand matching without
fully coupling these analyses to national-scale vehicle electrification [19,20]. In particular,
few studies jointly consider seasonal variability, cumulative storage requirements, and
rooftop constraints within a single system-level framework [21,22]. Existing studies also
tend to evaluate annual energy sufficiency without explicitly identifying the critical re-
liability conditions under which supply becomes constrained. As a result, the ability of
urban rooftops to theoretically supply fleet-wide electricity demand remains insufficiently
quantified. Table 1 provides a comparative overview of key metrics from previous studies,
highlighting differences in geographic scope, seasonal consideration, storage assumptions,
rooftop constraints, and relevance to national-scale EV fleet electrification.

Table 1. Comparative overview of previous studies on rooftop PV integration with EV charging.

Study Location/Context Consideration of
Seasonality

Storage
Consideration

Rooftop/PV
Constraints Key Notes

Urban-scale
spatiotemporal
optimization of
rooftop PV for
EV charging

Guangzhou,
China

Limited focus;
main focus on

urban
supply-demand

Dynamic
dispatch at

charging stations

PV integrated at
selected charging

stations

Rooftop PV can
supply >90% of

real-time EV
demand with

smart
dispatch [23].

Decarbonization
potential of

PV + EV systems

Multiple cities,
Japan Not detailed EV as flexible

storage

Residential vs.
commercial
comparison

PV + EV can
meet ~89% of

urban demand
and reduce CO2

emissions
~88% [24]

Framework for
energy-

environment-
economic

assessment of
PV + EV

Shenzhen, China
Seasonal

variability not
central

Yes—EV
provides storage

service

Rooftop PV + EV
as a single unit

PV + EV
improves self-
consumption

from 78% to 95%
and reduces

emissions and
costs [25].
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Against this broader background, Israel offers a particularly informative case for
examining the coupling between urban rooftop PV potential and large-scale vehicle elec-
trification. The country combines high solar irradiance with dense urban development,
limited land availability, and strong reliance on private vehicles [26]. At the same time,
Israel exhibits pronounced seasonal contrasts in solar production and marked spatial dispar-
ities between dense metropolitan cores and peripheral cities [27]. This combination creates
a stringent test case for evaluating whether rooftop PV systems can support large-scale
vehicle electrification under real spatial and temporal constraints. The analysis presented
here addresses these gaps by developing an integrated planning framework that combines
fleet electricity demand, rooftop PV generation potential, seasonal supply-demand mis-
match, and storage requirements within a unified assessment structure. The framework is
intended not only for the Israeli case, but also as a transferable decision-support approach
for other urban regions with high solar potential and growing electrified transport demand.

In this framework, we model the feasibility of electrifying the current vehicle fleet
using PV systems installed on urban rooftops. It seeks to answer several research questions.
Can the existing vehicle fleet be powered entirely by electricity generated from urban
rooftop PV systems? Since this question concerns full annual coverage, the evaluation must
consider both high-solar summer periods and low-irradiance winter conditions, where
output drops sharply. What are the seasonal limitations affecting solar power generation?
What storage capacity is required to ensure vehicle electrification during periods of minimal
solar output? And how scalable is this solution if the size of the vehicle fleet were to
double? By addressing these, the research aims to enhance the broader understanding of
PV electricity generation and its potential role in vehicle electrification, with a particular
focus on urban environments. The present work makes five main contributions. First, it
introduces an integrated national-scale modeling framework that jointly assesses urban
rooftop PV generation and the electricity demand of a fully electrified private vehicle fleet.
Second, it explicitly incorporates seasonal variability in solar production, identifying winter
conditions as the binding constraint for system feasibility rather than annual averages.
Third, it quantifies the energy storage capacity required to support nighttime and low-
irradiance charging at the fleet level. Fourth, it evaluates the scalability of rooftop PV-based
electrification under a future scenario of fleet growth. Fifth, it translates these outputs
into a practical planning framework that can support infrastructure prioritization, storage
sizing, and regional energy coordination. Together, these contributions provide a spatially
and temporally explicit assessment of the limits and potential of PV-powered vehicle
electrification in dense, land-constrained urban environments. More broadly, this study
contributes to the transition toward integrated urban energy systems that couple renewable
generation with electrified transport.

2. Materials and Methods
2.1. Overview of Research Approach

The analysis employs a modeling-based approach to assess the feasibility of using
rooftop photovoltaic (PV) systems to support the electrification of Israel’s private vehicle
fleet. The research process involves three main stages: (1) estimating the electricity demand
of a fully electrified vehicle fleet, (2) calculating the electricity generation potential from
urban rooftop PV installations, and (3) analyzing the seasonal and spatial matching between
generation and demand, while accounting for storage requirements and system losses. The
three stages are integrated into a deterministic spatial–temporal energy balance framework
that explicitly couples demand, supply, and storage constraints under monthly resolution.
The overall structure of the modeling framework and the interactions between its main
components are illustrated in Figure 1. All reported daily values represent statistical
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averages derived from annual totals and are not intended to represent specific operational
days. The full calculation framework, including intermediate outputs and supporting
datasets, is provided in the Supplementary Materials (File S1).

Figure 1. Schematic overview of the modeling framework, showing the main data inputs, analytical
steps, and outputs used to assess the feasibility of electrifying the private vehicle fleet using urban
rooftop PV systems.

2.2. Case Study Context

The framework adopts Israel as a national-scale case study for urban PV-based vehicle
electrification. The selection is motivated by a combination of climatic, demographic, and
infrastructural characteristics that are highly relevant to the research objectives. Geographi-
cally, Israel is located in the south-eastern Mediterranean basin, with a moderate climate
and 1600–1800 effective sunshine hours annually, and relatively low cloud cover for most
of the year [28]. Demographically, the country exhibits high population density and ele-
vated private vehicle ownership rates, particularly in major urban centers such as Tel Aviv
(9500 people·km−2) [29], which may pose challenges of meeting transport electrification
demand from limited rooftop areas. At the same time, peripheral municipalities possess
greater rooftop availability per capita, creating opportunities for surplus PV generation.
Atmospheric conditions such as haze and air pollution attenuate solar energy, especially
in the central and Haifa regions [30]. This unique combination of high insolation, spatial
variability in rooftop availability, and diverse urban–peripheral characteristics makes Israel
a representative and analytically valuable setting for assessing the feasibility of large-scale
rooftop PV integration into transport electrification strategies.
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2.3. Energy Demand Estimation for a Fully Electrified Fleet

To estimate the electricity required to electrify Israel’s private vehicle fleet, we ap-
plied two complementary calculation methods. The use of two independent formulations
provides internal model validation and reduces dependence on a single estimation path-
way. All variables are summarized in Table A1. Similar two-method demand estimation
frameworks have been used in national EV electrification studies [3,31,32], supporting the
robustness of the comparative approach used here.

Method 1: Estimating transportation energy demand based on existing internal-
combustion energy consumption.

The majority of mechanical energy is currently delivered by the IC fleet. This depends
on vehicle kilometrage, fuel economy, gasoline energy content, and IC engine efficiency.
The total annual useful energy is given by:

EIC = ncars · dannual · ηfuel · efuel · ηIC (1)

where ncars is the number of private vehicles, dannual is average annual kilometrage
(km·car−1·yr−1), ηfuel is the fuel economy (km·L−1), efuel is the energy content value of
fuel (kWh·L−1), and ηIC is the IC engine efficiency (0.32). In 2025, there were 3.56 million
private cars, and the average kilometrage is 17,000 km·car−1·yr−1 [33,34]. We accept a
value of fuel efficiency to be 12 km·L−1 [31]. The energy content of 95 octane gasoline, the
most used in Israel, is 8.9 kWh·L−1 [35] while only 30% of this is available to move the
vehicle due to IC inefficiencies and mechanical losses [36]. These values define the physical
conversion chain from fuel energy input to mechanical output. Substituting these values
into Equation (1): EIC ≈ 14 × 109 kWh·yr−1, which is equivalent to: EIC ≈ 14 TWh·yr−1.

This value represents the estimated useful mechanical energy demand of the current
private vehicle fleet and serves as the upper-bound benchmark for electrification demand.

Method 2: Direct estimation using EV energy consumption per kilometer.
We now calculate the electricity needed for an entire comparable fleet based on EVs.

The annual fleet electricity demand would be:

EEV = ncars · dannual · eEV · ηEV (2)

where eEV and ηEV are the electricity needed to drive an EV and the EV efficiency, respec-
tively. The average EV requires 190 Wh·km−1 [37,38] and its efficiency for converting
electrical power into kinetic energy is on the order of 95% [39]. Substituting values into
Equation (2): EEV ≈ 13 × 1012 Wh·yr−1, which is equivalent to: EEV ≈ 13 TWh·yr−1.

The two independent estimation approaches yield closely aligned results (13–14 TWh·yr−1),
indicating internal consistency between top-down (fuel-based) and bottom-up (EV-based)
demand estimation methods. For the remainder of the analysis, the higher estimate of
E = 14 TWh·yr−1 is used as a conservative upper-bound demand scenario. This choice
ensures that subsequent PV supply and storage calculations are not underestimated.

2.4. Estimation of Potential Solar PV Electricity Production
2.4.1. Solar Irradiance Model

The incident solar irradiance on a horizontal surface is approximated using a clear-
sky reference flux of 1100 W·m−2 [40]. Maximum irradiance occurs when the panel is
oriented perpendicular to incoming radiation under clear-sky midday conditions. The
actual irradiance declines as a function of cos (θ), where θ is the solar zenith angle—the
angle between the sun’s position and the vertical direction [41]. Solar elevation angles for
Tel Aviv (32◦4′40.687′′ N, 34◦47′15.702′′ E) are computed for the 15th day of each month.
Monthly values are used as representative seasonal states. These monthly mid-point values
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are used as representative seasonal states for the irradiance model. Table A2 summarizes
the calculated solar geometry parameters. The use of Tel Aviv as a reference location is
intended to represent a central and highly urbanized coastal region, serving as a national
proxy for solar resource conditions in densely populated areas. Spatial heterogeneity in
rooftop distribution and electricity demand is addressed separately in the spatial allocation
framework. Atmospheric attenuation due to clouds, haze, and seasonal aerosol conditions
is incorporated as a second-stage correction factor. Data on direct solar radiation for
the years 2014 to 2024 were retrieved for the Bet Dagan meteorological station near Tel
Aviv [42]. The data were concatenated and averaged for each month. Then the ratio
between direct irradiance and the modeled theoretical available solar power is calculated.
This monthly ratio is used as an atmospheric transmission factor applied to the clear-sky
irradiance model.

Irradiance Model and Polynomial Fitting

The objective is to estimate the theoretical daily solar irradiance available to rooftop
PV systems throughout the year. To estimate daily irradiance, the sun’s path throughout the
day must be integrated. Exact solar geometry formulations contain multiple trigonometric
terms and are computationally cumbersome for repeated monthly integration [43,44].
Simplified approximations have therefore been widely applied [45]. Because PV generation
occurs only during daylight hours, the positive daily solar trajectory can be approximated
using a polynomial function. To capture the seasonal variation in solar irradiance, monthly
irradiance patterns were represented using a polynomial fitting approach. The sun’s
elevation data was retrieved from the National Renewable Energy Laboratory (Golden, CO,
USA) [46] and then fit as a smooth function of time. The parameters of this function were
estimated using least-squares fitting. The fitted curve follows Equation (3):

f (x) = a0 − a1x + a2x2 − a3x3 + a4x4 (3)

This 4th-order polynomial was selected based on goodness-of-fit and model parsimony
criteria (AIC). This method provides a continuous approximation of the daily irradiance
curve and enables the computation of monthly irradiance proportions. Comparable poly-
nomial approximations have been reported in previous solar resource studies [47,48]. The
parameter values for all 12 months are listed in Table 2. The area under each curve is used
to obtain the monthly irradiance scaling factors applied later in Section 3.2.

Table 2. Parameter values for the solar irradiance model *.

Month a0
(10−1)

a1
(10−1)

a2
(10−2)

a3
(10−3)

a4
(10−4)

Jan 2.54 −5.43 12.49 −8.64 1.84
Feb −3.99 −3.05 9.53 −6.93 1.46
Mar −3.61 −2.75 9.21 −6.79 1.43
Apr −3.67 −2.16 8.40 −6.40 1.37
May −2.27 −2.19 8.25 −6.29 1.35
Jun −0.45 −2.74 8.90 −6.62 1.42
Jul −2.11 −2.25 8.23 −6.19 1.32

Aug −1.16 −3.02 9.53 −7.03 1.50
Sep −0.28 −3.64 10.49 −7.66 1.64
Oct −4.23 −2.43 8.90 −6.85 1.50
Nov −6.02 −1.93 7.98 −6.23 1.35
Dec −7.32 −1.61 7.37 −5.78 1.25

* R2 > 0.999 for all fits.
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2.4.2. Solar PV Systems for Fleet Electrification

PV production is influenced not only by geometric irradiance but also by atmospheric
conditions. Cloud cover and haze reduce the amount of solar energy reaching the panel
surface. To quantify this effect, we calculate total monthly atmospheric absorption as
the ratio of measured irradiance to theoretical clear-sky irradiance. The daily maximum
irradiance was obtained from the Israel Meteorological Service (Bet Dagan, Israel). For
each month, we estimate its mean (see Table 3) [42]. These are applied as multiplicative
modifiers to the clear-sky irradiance value.

Table 3. Absorption effect (f atm).

Month %

Jan 0.33
Feb 0.31
Mar 0.26
Apr 0.21
May 0.19
Jun 0.17
Jul 0.17

Aug 0.16
Sep 0.23
Oct 0.23
Nov 0.32
Dec 0.33

The monthly effective irradiance used for PV output calculations is then computed as:

GPV = gclear-sky,month · f atm,month · (1 − ηsystem) (4)

where gclear-sky,month is the theoretical solar irradiance under clear-sky conditions for each
month (calculated from the polynomial model in Section 2.4.1), and f atm,month is the monthly
atmospheric absorption factor accounting for cloud cover and haze (from Table 3). System-
level losses (including DC–AC conversion and wiring inefficiencies), denoted by ηsystem,
are on the order of 0.21 [49,50]. The resulting monthly values define the seasonal PV
production profile, which is aggregated to compute annual generation as presented in
Section 3.2.

Seasonal Variation in PV Generation

Seasonal variability in PV generation is quantified by calculating the average daily
electrical output per square meter for each month. The monthly incident energy GPV,month,
summed from daily effective irradiance after applying the atmospheric absorption factors
f atm,month from Table 3, is converted to electrical energy using:

GPV,daily,month = (GPV,month/1000)·(PVspectrum · PVefficiency)/Ndays,month (5)

where PVspectrum = 0.85 represents the fraction of the solar spectrum effectively utilized
by silicon PV cells [51], PVefficiency = 0.21 is the module efficiency [52], and Ndays,month is
the number of days in the month. This formulation integrates solar geometry, daylight
duration, and atmospheric attenuation, producing lower winter yields and higher summer
yields. The monthly values are subsequently aggregated to estimate annual PV yield
(Section 3.2) and to evaluate storage needs.
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2.4.3. Rooftop Area Assessment

The estimation of available rooftop area for solar photovoltaic (PV) installations is
a crucial factor in determining the feasibility of fleet electrification via solar energy [53].
Data from the Israel Central Bureau of Statistics (Jerusalem, Israel) for the year 2022 were
used to assess the built-up area and total jurisdictional area for each municipality (Table A1
in Appendix A). Key variables included population size, the number of vehicles, the
built-up area measured in square kilometers, and the percentage of built-up area relative
to the total jurisdiction. To evaluate the rooftop area suitable for PV deployment, built-
up areas were analyzed under the assumption that only a fraction of these surfaces can
be utilized for solar installations. The rooftop utilization factor is set to 0.32, consistent
with prior studies, representing a mid-range estimate within commonly reported values
(0.2–0.4) [54]. Applying this factor to the residential built-up area results in an effective
rooftop area of 226 km2, which is used as the available surface for PV deployment in the
modeling framework.

2.5. Energy Storage Requirements

Storage solutions and infrastructure are required to ensure a stable energy supply for
EV charging [55], given the intermittent variability in solar energy production. Storage re-
quirements are presented in terms of energy capacity (GWh), as future battery technologies
are likely to improve gravimetric energy density (Wh/kg), thereby reducing the mass and
footprint required for a given storage capacity. The average nightly charging demand is
approximately 38 GWh. This is based on an annual EV electricity demand of 14 TWh·yr−1

divided by 365 days (see Section 3.4 for further discussion, including storage for periods of
limited solar generation). The analysis, therefore, focuses on the magnitude of energy that
must be stored rather than on the mass or volume of specific battery technologies. Although
this estimate relies on fixed coefficients for fleet energy demand and storage infrastructure,
these values fall within the commonly reported ranges in the literature. A full sensitivity
analysis is beyond the scope of this study, but the selected parameters provide a consistent
baseline for estimating the order of magnitude of required storage capacity. While the
present work uses a simplified, static estimate of nightly storage demand, previous work
has developed dynamic battery models that capture charge and discharge behavior, vehicle
availability, and temporal charging patterns [55,56]. These modeling approaches could
be integrated into future research to refine storage sizing and operational planning. For
the nightly storage requirement calculated here, the resulting energy capacity is further
discussed in Section 3.4. This value provides a conservative upper-bound estimate suitable
for system-level planning.

2.6. Matching Supply and Demand: Seasonality and Storage Impact

Daily values used in the present study represent annual average daily PV generation,
obtained by dividing total yearly output by 365. These values correspond to statistical
averages and do not represent specific days, due to strong seasonal and weather-related
variability in PV production. A seasonal, spatial, and temporal matching analysis is con-
ducted to evaluate the alignment between rooftop PV generation and electric vehicle (EV)
electricity demand across different times of the year. Monthly and daily variations in both
supply and demand are used to identify mismatch periods and assess their implications
for system design and storage requirements [57]. Nighttime charging is assumed as a
conservative baseline reflecting typical private vehicle availability patterns in urban envi-
ronments and periods of peak grid stress. This assumption is used to represent a worst-case
temporal mismatch between photovoltaic generation and electricity demand, rather than
an optimized or behaviorally adaptive charging strategy. Smart-charging strategies and
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demand shifting mechanisms are beyond the scope of this study. This assumption provides
a consistent baseline for evaluating system-level storage requirements under constrained
temporal alignment.

The modeling framework provides a spatially and temporally explicit representation
of rooftop PV potential. Monthly irradiance values, together with system performance
assumptions, are used to estimate PV generation, while demand is derived from fleet-
level electricity consumption. System operation is constrained by seasonal variability,
with winter months representing the limiting condition due to reduced irradiance, shorter
daylight duration, and lower PV output. Under these conditions, PV generation reaches
its minimum, while demand remains relatively constant. To capture operational stress
conditions, extended sequences of low-irradiance days are also considered. These periods
represent conservative design scenarios for continuous energy supply and are used to
inform storage sizing and system robustness requirements.

Storage and infrastructure requirements are therefore derived from minimum-
generation conditions rather than annual averages. This enables identification of system
constraints under binding conditions, rather than describing typical operational perfor-
mance [58].

3. Results
3.1. Energy Demand for Vehicle Fleet Electrification

Using the two methods detailed in Section 2.3, total electricity demand for full electri-
fication of Israel’s light-duty vehicle fleet is estimated at approximately 14 TWh per year.
Both methods yield closely aligned values, indicating internal consistency between IC and
EV-based approaches. This value is used as the reference annual demand baseline for all
subsequent supply and storage calculations.

3.2. Seasonal Solar Irradiance and PV Output

Monthly irradiance values exhibit a clear seasonal pattern. Peak values occur during
June and July, while December values reach approximately 45 percent of the summer maxi-
mum. Figure 2 illustrates the solar elevation profiles for representative months, highlighting
the seasonal variation in solar geometry. The area under each curve reflects the relative
potential solar energy available to PV systems during each period. The modeled irradiance
values were compared with clear-sky reference datasets (e.g., PVGIS), with an average
deviation of approximately 2 percent. Larger deviations are observed during transitional
seasons, likely due to differences in cloud cover representation across datasets [58–60].

Using the irradiance and atmospheric correction factors described in Section 2.4.2,
the aggregated annual PV output equals 358 kWh·m−2·yr−1, on average. This value
incorporates monthly variation and system-level losses and is used directly in the energy
supply calculations in Section 3.3. These findings indicate that annual PV yield is high
under Israeli climatic conditions, but strongly uneven across seasons.

Solar elevation data are accessed from NASA POWER [61]. The curves are polynomial
fits, and the integral is a maximal estimate for solar power potential relative to the clear-sky
irradiance. The seasonal variation in the projection effect is illustrated for the months
June, September, March, and December. The curves are the polynomial fits for each of the
representative months.
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Figure 2. Solar insolation as a function of the maximal elevation.

Monthly PV Electricity Generation

Applying the methodology described in Section Seasonal Variation in PV Generation,
the average daily electrical output per square meter of PV panel is calculated for each
month. The results show a consistent seasonal pattern, with higher production during
summer months and lower production during winter months (Table 4, Figure 3).

Table 4. Average monthly PV electricity yield per square meter.

Month PV Generation (kWh·m−2·d−1)

Jan 0.5
Feb 0.7
Mar 0.9
Apr 1.2
May 1.3
Jun 1.4
Jul 1.4

Aug 1.3
Sep 1.0
Oct 0.8
Nov 0.6
Dec 0.5

Winter months (December–January) yield approximately one-third of peak summer
values (June and July). This variation is primarily driven by lower solar elevation angles,
shorter daylight duration, and increased atmospheric attenuation. Aggregation of monthly
values yields an annual average PV generation of 358 kWh·m−2·yr−1, which is consistent
with the value used in Section 3.2. The pronounced seasonal amplitude confirms that
annual averages alone are insufficient for evaluating reliable EV charging supply.
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Figure 3. Mean monthly photovoltaic electricity generation potential.

3.3. Energy Supply from PV Rooftop Systems

Electrical energy supply from PV systems is assessed based on the available urban
rooftop area in Israel. The total built-up urban area in 2023 is 1479 km2, representing
5.4 percent of the total land area. Residential areas account for approximately half of this
total, at 708 km2. Using established ratios of rooftop area to residential area [62], rooftop
coverage is estimated at approximately 0.32 of the residential built-up area. Based on a total
residential area of 708 km2, the total urban rooftop area is therefore estimated at 226 km2.

With an average annual solar irradiance of 358 kWh·m−2·yr−1, the total potential
annual energy production from urban residential rooftops is:

226 · 106 · m2 · 358 kWh·m−2·yr−1 = 81 TWh·yr−1

A simple calculation yields an ideal PV area requirement of approximately 39 km2,
derived by dividing the annual EV electricity demand (14 TWh) by the mean annual PV
yield (358 kWh·m−2·yr−1). In contrast, the system-level framework applied in this study
yields a slightly higher value of approximately 44 km2. This difference reflects conversion
losses, seasonal variability, and conservative design assumptions associated with storage-
constrained operation. The 81 TWh·yr−1 represents the theoretical upper-bound annual
generation potential under full rooftop utilization, while the 44 km2 estimate reflects the
practical system-level requirement under the modeling assumptions of this study.

Spatial Analysis of PV Potential

Municipal-level data from Table A1 were analyzed to compare rooftop PV potential
with local EV energy demand. The results reveal substantial spatial variation across munici-
palities. Dense urban centers such as Tel Aviv and Jerusalem exhibit limited rooftop area per
capita and are unable to fully meet local demand through rooftop PV. In contrast, peripheral
municipalities such as Be’er Sheva, Dimona, and Eilat show higher rooftop availability and
can generate surplus PV potential relative to local demand. These findings indicate a struc-
tural spatial imbalance between urban demand centers and peripheral generation potential.
This suggests that inter-municipal energy exchange or regional coordination mechanisms
may be required to balance supply and demand across space. Accordingly, system-wide op-
timization may require inter-municipal electricity exchange, regional storage deployment,
or transmission reinforcement to balance deficits and surpluses across space.
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3.4. Electrical Energy Storage

To allow an uninterrupted energy supply to charge an EV fleet during nighttime hours
for one day, 38 GWh is needed. This ‘one day’ value is a statistical construct based on mean
annual daily demand, not an actual daily PV profile. Storage requirements are expressed
solely in terms of energy capacity to be stored. This value, therefore, provides a first-order
baseline for diurnal balancing and is consistent with system-level storage-sizing approaches
used in high-renewable-energy systems.

3.5. Winter Charging Constraints

The results presented above are based on annual average daily PV generation, cal-
culated by dividing total yearly output by 365 days. While this approach provides a
useful baseline, it does not capture the significant temporal variability in solar resource
availability. In Israel, PV generation exhibits strong seasonal variation: during the sum-
mer months, daily output reaches approximately 1.4 kWh·m−2·day−1, whereas in winter
(December–January) it declines to about 0.5 kWh·m−2·day−1, representing a reduction
of roughly 65% relative to peak summer production. Consequently, system design based
solely on annual averages substantially underestimates the required PV capacity. To ensure
a continuous electricity supply sufficient for fleet electrification under winter conditions,
the required rooftop PV area increases to approximately 70 km2. This is higher than the
system-level annual estimate of ~44 km2 and substantially higher than the ideal annual-
energy balance estimate of ~39 km2. This indicates that system feasibility is governed
by seasonal minimum generation rather than by the annual energy balance alone. This
challenge is further exacerbated by multi-day periods of low irradiance. Analysis of a
10-year dataset (2014–2024) indicates that sequences of up to seven consecutive overcast
days may occur. Under such conditions, maintaining uninterrupted fleet electrification
would require approximately 266 GWh of stored energy, based on an estimated daily
demand of 38 GWh. Although these estimates are derived from aggregated demand and
do not explicitly account for the temporal charging behavior of individual vehicles, they
provide a conservative system-level benchmark for evaluating the infrastructure required
to ensure reliable electrification under worst-case winter conditions.

3.6. Future Fleet Growth Scenario

Using our modeling technique, simple scenarios can be explored. For example, in the
future scenario where the personal vehicle fleet doubles, the area of PV systems will need
to double, as will the storage needs. Charging 7 million EVs will require 140 km2 of PV
panels generating 28 TWh·yr−1 to power the fleet and also suffice during winter months,
along with storage infrastructure for approximately 266 GWh (38 GWh·7 days, based
on the longest recorded overcast period). However, the rooftop area will only increase
54% to 350 km2 (See Appendix A, Table A1). This suggests that long-term scalability
may be constrained by competing rooftop uses, urban densification, and infrastructure
limitations, despite sufficient theoretical energy potential. Accordingly, future expansion
may require complementary solutions such as façade PV, parking-canopy PV, utility-scale
solar generation, or regional hybrid energy systems.

4. Discussion
This study shows that, under favorable conditions, urban rooftop PV in Israel can

theoretically meet the annual electricity demand required for full electrification of the
private vehicle fleet. However, this represents an upper-bound technical potential and does
not reflect real-world operational constraints. Although annual rooftop PV production
exceeds estimated annual demand, seasonal variability introduces a fundamental tem-
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poral constraint that is not captured by annual energy balances. Winter months exhibit
substantially lower solar irradiance due to shorter daylight hours, lower solar angles,
increased cloud cover, and more frequent rainy days [63,64]. These conditions lead to
reduced PV generation and identify winter as the binding constraint on system feasibility.
In contrast, summer months benefit from extended daylight and relatively stable irradiance
conditions [65], allowing PV generation to approach or exceed fleet electricity demand.
In practice, EV charging demand is not uniformly distributed over time and is typically
concentrated during evening hours, which may further increase the mismatch between
PV generation and demand. Although summer irradiance may enable PV generation to
match or exceed fleet demand, year-round electrification requires accounting for tempo-
ral alignment between supply and demand rather than annual totals alone. Addressing
these constraints requires system-level solutions, including battery storage, vehicle-to-grid
(V2G) integration, and hybrid energy systems [66]. Battery storage can support diurnal
shifting of energy, while V2G systems enable distributed storage using electric vehicles as
flexible resources [67]. However, these approaches primarily address short-term variability.
Multi-day and seasonal deficits, particularly during winter low-irradiance periods, may
still require additional generation capacity, large-scale storage, or grid-level balancing
mechanisms [68,69]. The storage estimates presented in this framework reflect system-
level requirements under simplified assumptions and should be interpreted as indicative
upper-bound values rather than precise operational sizing. These estimates are based on
aggregated fleet demand and do not account for temporal charging behavior or operational
constraints at the vehicle level. More detailed dynamic models that incorporate charging
cycles, temporal demand variation, and operational constraints [55,56] could provide more
refined storage estimates in future work.

Additional implementation constraints should also be considered when interpreting
these results. First, the rooftop estimates used in this analysis represent an upper-bound
technical potential and do not fully account for practical installation constraints such as
shading, roof orientation, structural limitations, or competing rooftop uses [70]. As a result,
the practically deployable PV area may be lower than the theoretical rooftop availability
assumed in this framework [71]. Second, household adoption of rooftop PV depends
not only on technical feasibility, but also on economic and behavioral factors, including
installation costs, financial incentives, payback periods, and willingness to invest in dis-
tributed energy systems [72]. Third, actual PV electricity generation may be reduced by
operational losses associated with dust accumulation, inverter inefficiencies, wiring losses,
and long-term module degradation [73]. Finally, large-scale battery deployment introduces
additional lifecycle challenges, including performance degradation, maintenance require-
ments, replacement cycles, and end-of-life recycling [74]. These factors were beyond the
scope of the present system-level analysis and should be incorporated in future operational
and techno-economic assessments. Spatial disparities further influence system feasibility.
Densely populated urban centers, such as Tel Aviv and Jerusalem, have limited rooftop
area per capita and cannot fully meet local demand through rooftop PV alone. In contrast,
peripheral municipalities such as Be’er Sheva, Dimona, and Eilat exhibit higher rooftop
availability and can generate surplus PV potential relative to local demand. These results
highlight the importance of inter-municipal energy exchange and spatially distributed en-
ergy planning to balance regional deficits and surpluses [75]. From a grid perspective, these
findings indicate that high PV penetration alone is insufficient to ensure a reliable electricity
supply without complementary infrastructure. Grid integration, storage deployment, and
demand-side management strategies are required to accommodate temporal variability
and spatial imbalances. Strengthening grid flexibility and enabling energy exchange across
regions are therefore essential components in supporting large-scale electrification based
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on renewable energy [76]. These findings have direct implications for national energy
planning, particularly in defining storage targets, grid flexibility requirements, and spatial
energy allocation strategies. Additional uncertainties include future travel demand, EV
efficiency improvements, charging behavior, and changes in urban form. These factors may
alter regional electricity demand profiles and should be incorporated into future scenario
analyses [77–79].

Overall, rooftop PV represents a substantial renewable resource, but its system value
depends on integration within a broader energy framework that explicitly accounts for
temporal mismatch, spatial heterogeneity, and infrastructure constraints. These findings
emphasize that electrification strategies must be evaluated at the system level, rather than
relying on annual energy balance alone.

5. Conclusions
This study highlights the strategic importance of rooftop photovoltaic (PV) systems as

a renewable energy source for large-scale vehicle electrification in urban settings, while also
identifying temporal mismatch as a key constraint on system feasibility. Under idealized
conditions, rooftop PV could generate up to 81 TWh annually, exceeding the estimated fleet
electricity demand of 14 TWh per year. Seasonal analysis shows that winter PV generation
falls significantly below summer levels, making winter months the binding constraint on
system feasibility. To enable a reliable year-round supply, including nighttime and low-
irradiance charging, approximately 38 GWh of energy storage would be required to address
diurnal and seasonal mismatches. Importantly, when extended low-irradiance periods are
considered, storage requirements increase substantially, reaching on the order of ~266 GWh
under multi-day winter conditions. This result emphasizes that storage needs are governed
not only by daily cycling but also by rare but critical extreme events. The main contribution
of this study is the development of an integrated planning framework that combines fleet
electricity demand, rooftop PV availability, seasonal solar variability, spatial disparities, and
storage requirements within a single quantitative assessment. Unlike previous studies that
typically assess PV potential in isolation, this research accounts for geographic disparities
between dense urban cores and peripheral cities, seasonal variability in solar generation,
and behavioral trends that influence actual demand. In addition, the study explicitly links
annual energy potential to winter-constrained system design, providing a more realistic
benchmark for feasibility assessment. While rooftop PV presents a viable renewable energy
solution, its scalability is constrained by limited rooftop space in dense urban centers.
Alternative deployment strategies, such as PV integration on public infrastructure or in
peripheral cities, may help mitigate this limitation and enable regional energy-sharing
models. Complementary solutions, including large-scale solar farms or hybrid renewable
energy systems, are needed to address multi-month seasonal deficits. Vehicle-to-grid
(V2G) can mitigate short-term fluctuations of hours to days, but cannot resolve seasonal
deficits alone. Thus, V2G should be viewed as a complementary flexibility mechanism,
while long-duration storage and distributed generation are required to address seasonal
balancing. From a system perspective, these findings indicate that planning based on annual
energy balance alone is insufficient and may significantly underestimate infrastructure
requirements. Instead, system design must be anchored in worst-case seasonal conditions
and temporal supply–demand mismatch.

Future directions based on these results include refining the ~38 GWh storage estimate
using dynamic vehicle-level models, techno-economic evaluation of long-duration storage,
detailed spatial analysis of realistic rooftop utilization, and pilot testing of combined V2G
and demand-response strategies. The methodological framework developed here is also
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transferable to other geographic contexts, allowing assessment of solar-powered vehicle
electrification potential across diverse climates and urban forms.

Israel’s case provides insights for other urban regions with high solar potential. Real-
izing the full benefits of solar-powered fleet electrification depends on strategic alignment
of technological, spatial, and regulatory innovations, adaptive energy management, and
targeted policy interventions tailored to both central and peripheral energy landscapes.
Overall, achieving system-wide feasibility requires coordinated planning across generation,
storage, and spatial distribution, rather than optimization of rooftop PV capacity alone.
These insights can support the design of practical electrification strategies under real-world
spatial and temporal constraints.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/inventions11030048/s1. File S1: Excel workbook containing the
calculation framework, intermediate model outputs, and supporting numerical data used in the PV
generation, rooftop area, and storage analyses.
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Appendix A

Table A1. Municipal-level demographic, vehicular, and built-up land data.

City Population Private
Vehicles

Built-Up
Area
(km2)

Residential
Area (km2) City Population Private

Vehicles

Built-Up
Area
(km2)

Residential
Area (km2)

Umm al-Fahm 57,677 18,999 9.4 8 Bi’ina 8536 2960 1.3 1.1
Ofakim 33,999 8430 4.9 3.5 Giv’at Ze’ev 20,034 5947 1.8 1.6

Or Yehuda 36,815 13,745 3.3 2.2 Jadeidi-Makr 21,507 7762 2.7 2.4
Or Akiva 19,902 7200 2.9 1.8 Gedera 30,392 10,615 4.6 3.6

Eilat 52,753 18,764 14.1 4.7 Julis 6657 2840 1.9 1.6
Elad 49,593 6221 2 1.3 Jaljulia 10,480 3686 1.1 0.8
Ariel 19,647 6225 3.2 2 Gan Yavne 24,251 9631 4.1 3.4

Ashdod 225,975 61,375 19.9 9.9 Ganei Tikva 22,694 9035 1.6 1.4
Ashkelon 149,160 49,354 16.7 11.1 Jisr az-Zarqa 15,315 3296 1 0.8

Baqa
al-Gharbiyye 30,973 11,071 6.5 5.6 Jish (Gush

Halav) 3154 1349 0.7 0.6

Be’er Ya’akov 29,852 10,075 3.6 2.2 Jatt 12,473 4831 3.4 2.8

Be’er Sheva 211,251 71,608 30.3 19.1 Daliyat
al-Karmel 18,061 7138 6.9 6.7

Beit She’an 18,900 6539 3.7 2.3 Daburiyya 10,782 3922 1.7 1.5
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Table A1. Cont.

City Population Private
Vehicles

Built-Up
Area
(km2)

Residential
Area (km2) City Population Private

Vehicles

Built-Up
Area
(km2)

Residential
Area (km2)

Beit Shemesh 141,764 19,776 9.3 6.1 Deir al-Asad 12,935 4497 1.8 1.6
Beitar Illit 63,220 5109 2.6 1.8 Deir Hanna 10,599 4060 1.8 1.7
Bnei Brak 212,395 19,750 6.2 3.2 Har Adar 4108 2050 0.8 0.8

Bat Yam 126,290 34,116 6.9 4.1 Zikhron
Ya’akov 23,857 9475 4.9 3.7

Givat Shmuel 28,162 9741 1.7 1.2 Zemer 7360 2795 2.1 1.9
Giv’atayim 61,281 20,815 3 2.1 Zarzir 8412 2244 2.6 2.3

Dimona 35,892 12,201 7.1 4.3 Hura 23,943 3004 4.8 4.4
Hod HaSharon 65,363 28,004 8.7 6.8 Hurfeish 6581 2341 1.8 1.7

Herzliya 103,318 45,009 13.6 10.6 Hazor HaGlilit 9764 3312 2.1 1.4
Hadera 100,631 36,179 14.2 9.6 Harish 27,006 7588 2.2 1.9

Holon 197,464 91,140 13.6 8.2 Tuba-
Zangariyye 7011 2314 1.5 1.4

Haifa 282,832 118,940 36 20.3 Tur’an 14,655 4933 2 1.7
Tiberias 46,698 14,257 6.8 4.3 Yanuh-Jat 6851 2563 2 1.7
Tayibe 45,388 16,306 8 6.1 Yavne’el 4448 1368 2.2 1.8

Tira 27,392 10,997 7.4 6.6 Yesod
HaMa’ala 1804 822 1.2 1.1

Tirat Carmel 26,806 9461 2.9 1.9 Yafia 19,538 6960 2.2 2
Tamra 35,405 13,053 6.3 5 Yeruham 11,031 3168 3.3 1.8
Yavne 53,595 19,758 6.1 3.7 Yarka 17,576 6678 5 4
Yehud-

Monosson 30,619 13,213 3.9 2.8 Kabul 14,473 4488 2.2 2

Yokne’am Illit 24,158 9044 3.4 2.3 Kaokab Abu
al-Hija 3724 1492 0.8 0.7

Jerusalem 966,210 231,110 67.5 48.3 Kokhav Ya’ir 8949 4982 2.3 2
Kfar Yona 27,898 10,323 3.5 3 Kuseife 23,219 1754 3.5 3.3
Kfar Saba 101,801 41,112 10.2 7 Kisra-Sumei 9108 2859 2.5 2.2

Kafr Qasim 24,757 8917 6.4 5.5
Ka’abiyye-
Tabbash-
Hajajre

5732 1947 1.3 1.3

Karmiel 46,311 16,033 7.5 4.7 Kafr Bara 3856 1423 0.5 0.5
Lod 82,629 49,071 8.2 5.4 Kfar Vradim 5531 2757 1.8 1.6

Maghar 23,624 8540 4.7 4.4 Kafr Yasif 10,323 4588 1.4 1.1
Migdal

HaEmek 26,029 8374 4.3 2.4 Kfar Kama 3479 1417 1 0.8

Modi’in-
Maccabim-

Re’ut
97,097 36,675 10.9 7.9 Kafr Kanna 23,705 8007 3.6 2.9

Modi’in Illit 80,996 4575 2.4 1.5 Kafr Manda 21,073 6430 2.6 2.4
Ma’ale

Adumim 37,555 13,028 5.5 2.9 Kafr Qara 19,691 7880 6 5.3

Ma’alot-
Tarshiha 22,315 8071 4.1 2.9 Kfar

Shmaryahu 1948 1340 1.6 1.2

Nahariya 60,806 21,287 7 4.6 Kfar Tavor 4425 2183 1.6 1.2
Nof HaGalil 42,657 14,773 6 3.6 Lehavim 6977 3262 2.5 2.1
Nes Tziona 50,456 18,973 6 4.2 Lakiya 15,295 2893 2.8 2.7

Nazareth 77,925 29,534 8 5.6 Mevasseret
Zion 24,943 11,306 3.4 2.8

Nesher 23,760 9038 3.4 1.7 Majd al-Krum 15,630 5282 2.7 2.2
Netivot 42,039 10,710 5.2 3.4 Migdal 1988 775 1.3 0.8
Netanya 224,066 74,857 18.4 11.9 Majdal Shams 11,405 4578 2.4 2
Sakhnin 32,743 12,923 5.1 4.4 Mazkeret Batya 15,424 6358 2.2 1.8

Acre (Akko) 49,614 16,972 6.8 3.3 Mazra’a 4078 1494 0.6 0.5
Afula 59,075 19,432 8.8 5.8 Metula 1693 854 1 0.6

Arraba 26,641 9191 4.2 4 Meitar 10,565 4678 3.5 3.1
Arad 27,582 8441 7.6 5.2 Mas’ade 3812 1522 1 0.8

Petah Tikva 252,270 88,476 21.8 12.1 Mi’ilya 3267 1541 1.2 0.9
Safed (Tzfat) 37,472 8393 5.1 3.3 Ma’ale Efrayim 1318 467 0.6 0.3
Kalansuwa 23,877 8214 4.9 4.4 Ma’ale Iron 15,642 5289 3.2 3
Kiryat Ono 41,900 15,943 3.4 2.8 Mitzpe Ramon 5178 1430 2.1 1.1
Kiryat Ata 60,102 21,468 8.9 6.1 Mashhad 8655 2778 1.4 1.2

Kiryat Bialik 43,267 16,346 4.3 2.6 Nahf 13,558 4308 1.9 1.6
Kiryat Gat 60,582 16,333 7.7 4 Sajur 4425 1631 1.1 1
Kiryat Yam 39,441 11,852 3.1 2.4 Savyon 4051 2877 3 2.8

Kiryat Motzkin 46,565 17,310 3.2 2.4 Ghajar 2745 697 0.2 0.2
Kiryat Malakhi 25,022 7694 3 1.9 Omer 7656 4879 3.8 2.9
Kiryat Shmona 22,336 8536 5 3 Eilabun 5812 2398 1.2 1
Rosh HaAyin 71,651 30,720 8.2 6.4 Ilut 8654 2461 1.6 1.4
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Table A1. Cont.

City Population Private
Vehicles

Built-Up
Area
(km2)

Residential
Area (km2) City Population Private

Vehicles

Built-Up
Area
(km2)

Residential
Area (km2)

Rishon LeZion 257,128 125,354 25.8 15.1 Ein Mahil 13,748 4399 1.4 1.4
Rahat 76,237 14,834 11 9.7 Ein Qiniyye 2172 923 0.7 0.7

Rehovot 147,878 50,695 13.1 8.7 Immanuel 4372 669 0.6 0.3
Ramla 77,798 25,099 8.6 4.8 Isfiya 12,746 4903 4.5 4.3

Ramat Gan 169,706 87,608 13.3 8.1 Ar’ara 25,823 7569 5.5 5.1
Ramat

HaSharon 47,970 21,649 7.3 4.8 Ar’ara-
BaNegev 19,682 2497 3.7 3.3

Ra’anana 78,562 34,391 9.1 6.6 Fureidis 13,570 4186 1.2 0.9
Sderot 30,553 9766 4.4 2.7 Fassuta 3236 1441 1 0.8

Shefa-‘Amr 43,023 16,309 8.3 6.6 Peki’in
(Buqei’a) 6026 2597 1.8 1.6

Tel Aviv-Yafo 467,875 221,428 39 23.6 Pardes
Hanna-Karkur 44,210 16,637 9.7 7.6

Abu Ghosh 7880 2353 1.3 1.2 Pardesiya 7251 3698 1 0.9
Abu Snan 14,455 5239 2.3 2.1 Kedumim 4590 1425 1.1 0.9

Even Yehuda 14,266 6525 3.5 2.9 Kadima-
Tzoran 22,920 9358 4.1 3.4

Oranit 9114 3975 1.4 1.2 Katzrin 7606 3128 2 1.2
Azor 13,474 5457 1.9 1.3 Kiryat Arba 7499 1607 1.6 1.2
Iksal 15,146 5316 2 1.6 Kiryat Tivon 18,519 8073 4.6 3.9

Elyakhin 3461 1541 0.9 0.8 Kiryat Ye’arim 6471 1049 0.4 0.3
Alfei Menashe 7966 3481 1.2 1.1 Kiryat Ekron 11,051 4198 2 1.3

Elkana 4072 1610 1 0.7 Karnei
Shomron 9663 3320 1.8 1.4

I’billin 13,692 4958 3.5 3.1 Rama 7789 3591 1.5 1.3
Efrat 11,804 3953 1.5 1.3 Rosh Pinna 3237 1701 2.8 1.4

Bu’eine-
Nujeidat 10,137 3412 1.5 1.4 Reineh 19,265 5673 3.4 2.8

Buq’ata 6752 2445 1.6 1.5 Rekhasim 13,736 1971 1.2 1
Bir al-Maksur 9959 3435 2.3 2.2 Ramat Yishai 8071 3697 1.5 1.2

Beit El 5681 1344 0.7 0.5 Shibli-Umm
al-Ghanam 6279 2222 1.4 1.3

Beit
Aryeh-Ofarim 5409 2306 1.3 1.2 Segev Shalom 11,865 1850 3.7 3.3

Beit Jann 12,307 4602 3.2 3.1 Shoham 21,441 9275 2.7 2.1
Beit Dagan 7644 4314 1.1 0.8 Shlomi 7055 2848 1.6 0.9
Bnei Ayish 6895 32,319 0.6 0.5 Sha’ab 7381 2683 0.8 0.7
Binyamina 16,075 5880 4.6 3.5 Tel Mond 14,179 5970 2.3 2

Basma 10,497 3808 2.1 1.9 Tel Sheva 22,187 3604 4 3.6
Basmat Tab’un 8068 2619 1.9 1.7

Table A2. Hourly sun elevation and percent theoretical solar irradiation (cos θ) for each month *.

Month Time Θ
(◦) cos θ Month Time θ

(◦) cos θ Month Time θ
(◦) cos θ

Jan 8 2.63 0.05 May 6 2.37 0.04 Sep 7 6.81 0.12
Jan 9 13.45 0.23 May 7 14.52 0.25 Sep 8 19.46 0.33
Jan 10 22.97 0.39 May 8 27.05 0.45 Sep 9 31.81 0.53
Jan 11 30.55 0.51 May 9 39.74 0.64 Sep 10 43.41 0.69
Jan 12 35.35 0.58 May 10 52.36 0.79 Sep 11 53.38 0.80
Jan 13 36.61 0.60 May 11 64.43 0.90 Sep 12 59.92 0.87
Jan 14 34.09 0.56 May 12 74.25 0.96 Sep 13 60.58 0.87
Jan 15 28.25 0.47 May 13 75.66 0.97 Sep 14 55.03 0.82
Jan 16 19.92 0.34 May 14 67.05 0.92 Sep 15 45.56 0.71
Jan 17 9.90 0.17 May 15 55.26 0.82 Sep 16 34.19 0.56
Feb 8 6.49 0.11 May 16 42.71 0.68 Sep 17 21.93 0.37
Feb 9 18.08 0.31 May 17 30.02 0.50 Sep 18 9.30 0.16
Feb 10 28.58 0.48 May 18 17.45 0.30 Oct 7 2.62 0.05
Feb 11 37.29 0.61 May 19 5.21 0.09 Oct 8 14.84 0.26
Feb 12 43.15 0.68 Jun 6 4.12 0.07 Oct 9 26.35 0.44
Feb 13 45.01 0.71 Jun 7 15.95 0.27 Oct 10 36.59 0.60
Feb 14 42.41 0.67 Jun 8 28.25 0.47 Oct 11 44.63 0.70
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Table A2. Cont.

Month Time Θ
(◦) cos θ Month Time θ

(◦) cos θ Month Time θ
(◦) cos θ

Feb 15 35.98 0.59 Jun 9 40.83 0.65 Oct 12 49.10 0.76
Feb 16 26.9 0.45 Jun 10 53.52 0.80 Oct 13 48.8 0.75
Feb 17 16.18 0.28 Jun 11 66.05 0.91 Oct 14 43.82 0.69
Feb 18 4.46 0.08 Jun 12 77.36 0.98 Oct 15 35.45 0.58
Mar 7 0.85 0.01 Jun 13 80.22 0.99 Oct 16 25.01 0.42
Mar 8 13.45 0.23 Jun 14 70.45 0.94 Oct 17 13.38 0.23
Mar 9 25.66 0.43 Jun 15 58.14 0.85 Oct 18 1.10 0.02
Mar 10 37.03 0.60 Jun 16 45.46 0.71 Nov 8 9.04 0.16
Mar 11 46.80 0.73 Jun 17 32.82 0.54 Nov 9 19.66 0.34
Mar 12 53.56 0.80 Jun 18 20.40 0.35 Nov 10 28.78 0.48
Mar 13 55.45 0.82 Jun 19 8.38 0.15 Nov 11 35.61 0.58
Mar 14 51.74 0.79 Jul 6 2.15 0.04 Nov 12 39.21 0.63
Mar 15 43.77 0.69 Jul 7 14.03 0.24 Nov 13 38.86 0.63
Mar 16 33.34 0.55 Jul 8 26.37 0.44 Nov 14 34.65 0.57
Mar 17 21.63 0.37 Jul 9 38.98 0.63 Nov 15 27.37 0.46
Mar 18 9.26 0.16 Jul 10 51.67 0.78 Nov 16 17.94 0.31
Apr 7 9.04 0.16 Jul 11 64.12 0.90 Nov 17 7.12 0.12
Apr 8 21.74 0.37 Jul 12 75.26 0.97 Dec 8 4.12 0.07
Apr 9 34.36 0.56 Jul 13 79.07 0.98 Dec 9 14.48 0.25
Apr 10 46.54 0.73 Jul 14 70.58 0.94 Dec 10 23.38 0.40
Apr 11 57.55 0.84 Jul 15 58.58 0.85 Dec 11 30.16 0.50
Apr 12 65.55 0.91 Jul 16 45.96 0.72 Dec 12 34.02 0.56
Apr 13 67.03 0.92 Jul 17 33.27 0.55 Dec 13 34.34 0.56
Apr 14 60.97 0.87 Jul 18 20.75 0.35 Dec 14 31.07 0.52
Apr 15 50.76 0.77 Jul 19 8.58 0.15 Dec 15 24.75 0.42
Apr 16 38.89 0.63 Aug 7 10.59 0.18 Dec 16 16.17 0.28
Apr 17 26.39 0.44 Aug 8 23.20 0.39 Dec 17 6.02 0.10
Apr 18 13.70 0.24 Aug 9 35.89 0.59
Apr 19 1.10 0.02 Aug 10 48.37 0.75

Aug 11 60.07 0.87
Aug 12 69.34 0.94
Aug 13 71.79 0.95
Aug 14 65.27 0.91
Aug 15 54.45 0.81
Aug 16 42.24 0.67
Aug 17 29.61 0.49
Aug 18 16.91 0.29
Aug 19 4.41 0.08

(*) calculated for 15th of each month.
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