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2.2 Case stud y on PV-powered passeng er vehicle s in  the 
Netherlands: Reduction of charging, c ost and CO 2 emission s 

The Netherlands, despite having lower annual irradiance than many other countries, is in position to benefit from 
vehicle integrated PV (VIPV) in terms of emission reductions and facilitating the energy transition. The Netherlands 
has one of the largest electric vehicle markets globally, at the time of this writing, and a government target that all 

new vehicles sold from 2030 onwards be zero-emission. Grid charged battery electric vehicles will meet the criteria 
for zero-emission; however, the production of electricity in the Netherlands is currently dominated by natural gas, 
a fossil fuel �Z�K�L�F�K���Z�L�O�O���O�L�P�L�W���H�P�L�V�V�L�R�Q�V�¶���L�P�S�D�F�W���R�I���V�X�F�K���D���W�U�D�Q�V�L�W�L�R�Q���W�R���(�9�V. Several case studies in the Netherlands 

for PV-powered passenger vehicles have been considered and are reported in this section. Using an Energy Flow 
Model, investigations are done into the impact of PV-powered passenger vehicles in the Netherlands, specifically 
looking at the reduction in charging frequency, CO2-eq emissions, and estimating cost savings by the use of PV-

powered passenger vehicles. 

 

2.2.1 Electric passenger vehicle s in the N etherlands  

The Netherlands is one of the world leaders when it comes to the uptake of electric vehicles and the installation of 
charging infrastructure. Statistics are released each month by the Netherlands Enterprise Agency, RVO, showing 
the increase in electric vehicle registrations (Fig. 2.2-1), as well as the development of charging infrastructure (Fig. 

2.2-2) [1]. Table 2.2-1 shows the 10 most popular makes and models of battery electric vehicles registered in the 
Netherlands. 

 

 

Fig. 2.2-1 Monthly statistics from the Netherlands Enterprise Agency showing the development in the 
number of electric vehicles registered in the Netherlands  

(The graph shows Fuel Cell Electric Vehicles (FCEV), Battery Electric Vehicles (BEV) and Plug-in Hybrid Electric 
Vehicles (PHEV). Various incentives in road tax and lease arrangements have helped drive the recent more rapid 
increases in BEVs (After Netherlands Enterprise Agency, Statistics Electric Vehicles in the Netherlands up to and 

including September 2020)). 
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Fig. 2.2-2 Developme nt in the number of charging points in the Netherlands since 2010  
(according to the Netherlands Enterprise Agency, Statistics Electric Vehicles in the Netherlands up to and 

including September 2020 [1]) 

 

One of the paths to meeting the Netherlands climate targets from the Paris climate agreement, is to reduce 
greenhouse gas emissions in the mobility sector. The Dutch government has set a target in place that by 2030, all 

new passenger vehicles sold must be zero-emission, this translates to 1,9 million electric passenger vehicles on 
the Dutch roads by 2030. The National Agenda for Charging Infrastructure (Nationale Agenda Laadinfrastructuur), 
has been established to ensure that the required charging infrastructure does not present a barrier to these 

ambitions and to ensure that the required 1,7 million charging points for these 1,9 million private vehicles are 
installed by 2030 [2] [3]. 

 

Table 2.2-1 Top 10 models of battery electric vehicles registered in the Netherlands  
(according to the Netherlands Enterprise Agency, Statistics Electric Vehicles in the Netherlands up to and 

including September 2020 [1]) 

Position  Brand/model  Number  Since previous 
month  

Since the same month 
in the previous year  

1 Tesla Model 3 34 241 986 20 635 

2 Tesla Model S 12 802 23 110 

3 Nissan Leaf 10 265 142 2 910 

4 Volkswagen Golf 10 005 179 4 183 

5 Hyundai Kona 8 874 419 4 673 

6 Kia Niro 8 153 761 5 603 

7 Renault Zoe 7 556 268 2 733 

8 BMW i3 7 127 240 1 968 

9 Tesla Model X 5 266 54 434 

10 Jaguar I-Pace 4 339 -4 615 
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2.2.2 Driving habits in the Netherlands  

According to open data from the Dutch Central Bureau of Statistics (CBS), the average Dutch passenger vehicle 

travels approximately 13 000 km/year, based on 2018 figures [4]. The most recent breakdown of reasons for travel 
also from the CBS, show 37% of driving is for travel to and from work [5]. A 2013 report published by Mileau 
Centraal and the Royal Dutch Touring Club (ANWB) [6], gave a breakdown of different driving profiles of Dutch 

drivers, with an average distance travelled of around 15 000 km, 41% of which was the home �± work commute of 
15 km one way Fig. 2.2-3. 

 

  
Fig. 2.2-3 Example driving profile breakdown by purpose ; on the left, 2018 fig ures from CBS  [4]  [5]  and 

right, 2010 figures from Mobiliteitsonderzoek NL 2010 , as reported by ANWB and Mil ieu Centraal [6]  

(Both show around 40% of trips are for commuting to work.) 

 

2.2.3 Approach to modelling case studies  

A quick calculation of the potential benefit of integrated PV in the Netherlands reveals that, despite relatively low 
solar irradiance, the expected output from current PV technologies could generate enough power on a daily basis 
to support a short commute in the summer months. The blue bars in Fig. 2.2-4 show the average daily  kilometres 

that could be driven from solar power in an average location in the Netherlands, with about 880 W of PV on a 
vehicle, with an average energy demand of 174 Wh/km. This suggests that with the technology available today, 
most electric vehicles could drive about 20 solar km/day. The orange and grey bars of Fig. 2.2-4 show the future 

potential of PV-powered vehicles in the Netherlands with more efficient PV and more efficient electric vehicles. 
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Fig. 2.2-4 Average daily solar kms for a typical location  in the Netherlands  
(The blue bars represent today's technology while the orange and grey bars represent the potential for future 

advances in PV and EV efficiency.) 

 

To more accurately calculate the benefit of on-board integrated photovoltaics in electric passenger vehicles, a 
series of case studies have been made. Using an Energy Flow Model developed by TNO [7], and based on direct 

measurements of irradiance and driver behaviour with a Vehicle Irradiance Test Setup, the possible reduction in 
CO2-eq emissions, cost savings and reduction in the number of plug-in charging frequency, CMs, have been 
quantified. The key factors to consider in these assessments are: the available solar resource of the location and 

energy yield from the PV, the driving habits of the vehicle owners and the specifications of the electric vehicle. 

 

 

Fig. 2.2-5 Key factors used in the Energy Flow Model, developed by TNO to determine the impact of 
vehicle integra ted photovoltaics, VIPV , the specifications of the vehicle  and driving habits of the owner, 

the available PV and the location and the available solar resource at the location  

 

�2�W�K�H�U�� �L�P�S�D�F�W�V�� �D�U�H�� �W�K�H�� �F�K�D�U�J�L�Q�J�� �V�W�U�D�W�H�J�\�� �R�U�� �K�D�E�L�W�V�� �R�I�� �W�K�H�� �Y�H�K�L�F�O�H�¶�V�� �R�Z�Q�H�U���� �W�K�H�� �F�Rst of electricity and the carbon 
intensity, grams of CO2-eq/kWh, of the local grid electricity. 
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2.2.4 Measurements  

2.2.4.1 Solar irradiance resource assessment and measurement of driver profiles �± VITS 

A Vehicle Irradiance Test Setup (VITS) has been built by TNO and has collected several months of data [7]. The 
system collects GPS and temperature values at 1 Hz and irradiance on four locations on the �Y�H�K�L�F�O�H�¶�V roof at 100 
Hz. The irradiance measurements have been validated by comparison with local weather station data and can be 

used to show the details of shading events. The data also provides realistic driver profiles to be used in the 
modelling. The collected data shows dynamic shading, driver profile and shading losses. The GPS data also allows 
precise analysis of shading events and where they occur. 

 

 

Fig. 2.2-6 Vehicle Integrated Test System (VITS) with four irradiance sensors, the solar panel in the 

middle provides extra energy to power the data acquisition system  
(The VITS features its own battery (not visible in the image) to power the data acquisition system, so the �Y�H�K�L�F�O�H�¶�V 

battery is not drained. The VITS battery is charged either from the grid, or from the solar panel.) 

 

2.2.4.2 Validation of Irradiance measurements  

Irradiance measured by the sensors on the vehicle are compared to nearby weather station measurements made 

by the KNMI (Royal Dutch Meteorological Institute). Using the measured GPS data the closest weather station can 
be selected dynamically for comparison along a driving route. 

 

 

Fig. 2.2-7 An example of hourly irradiance values measured with the VITS and at nearby KNMI weather 
stations  

(Large deviations are expected to be due to shading on the �Y�H�K�L�F�O�H�¶�V roof. In this particular example, the KNMI 
daily total is 3,6% higher than what was measured on the vehicle.) 
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Fig. 2.2-8 Map of the Netherlands showing the network of KNMI weather stations  measuring Global 
Horizontal Irradiance, the pink dots, and the route followed by the vehicle  on the given day, the blue line. 

The pink lines delineate areas of points closest to a particular KNMI station.  

 

2.2.4.3 Shading events  

As well as providing an overview of the trips taken in the vehicle and the sunshine, the data also enables the 
investigation of shading events, which can reduce the output of the on-board PV; both when the vehicle is parked 
in the shade for a long time, but also when dynamic shading occurs during a drive. The figures below show 

instances of both effects. 

 

  

Fig. 2.2-9 The irradiance trace (bottom left) shows that the sunlight measured on the vehicle is far below 
that measured by the weather station, further investigation of the GPS data confirms the vehicle  was 

parked on the North side of a tall building.  
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Fig. 2.2-10 Results from monitoring showing dynamic shading as a vehicle travels beneat h an overpass  
(The vehicle is travelling at 120 km/h, the two dips in the irradiance trace (bottom left) occur as the vehicle goes 

under the two overhead roads.) 

 

2.2.4.4 Measured driving profile  

The GPS measurements made during the data collection period provide a real time driving profile of someone who 
lives and works in the Netherlands, having a 100 km round trip to work 4 days per week, some business trips, 
weekend driving and vacation trips. Their annual distance travelled is around 28 000 km, approximately double the 

Dutch average. 

 

 

Fig. 2.2-11 Measured driving profile - from GPS data, presented as kilometres travelled per week broken 
down into days of the week  

 

2.2.5 Modelling: The Energy Flow Model  

The TNO Energy Flow Model inputs, processes and outputs are illustrated below, Fig. 2.2-12. The simulations are 

done for one full year of vehicle operation. They use time series inputs for the irradiance, ambient temperature and 
driving profile. The energy required by the vehicle and the state of charge (SOC) of the battery are calculated at 
each time step. The PV energy yield is simultaneously calculated along with any grid charging frequency that are 

required to meet the driving energy demand. The outputs of the model are derived from the balance of electricity 
generated by the PV as compared to the grid. 
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Fig. 2.2-12 Energy Flow Model, inputs as a time series, process calculations and  model outputs  

 

2.2.6 Inputs and data sources  

2.2.6.1 Location meteorological data  

The meteorological data used for the simulations is sourced using the software Meteonorm 7.3 [8], it can be 
downloaded per location as a 10 minute interval time series. The monthly radiation figures for Amsterdam can be 
seen in Fig. 2.2-13, the total global horizontal irradiance is shown with the diffuse proportion overlaid. 

 

 

Fig. 2.2-13 Monthly radiation in Amsterdam based on Meteonorm data, showing both total GHI and the 

diffuse contribution [8]  

 

2.2.6.2 Driving profiles  

How a vehicle is driven, distances, frequency, road type, along with vehicle effic�L�H�Q�F�\���� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �Y�H�K�L�F�O�H�¶�V��
energy requirements. Two driver profiles based on measured data have been constructed for a full year. These 
are a 50 km commute and a Dutch average 15 km commute. The 50 km profile is based on an extrapolation of the 

measured profile shown in Fig. 2.2-11 where the driver commutes 50 km to work and 50 km home on weekdays, 
as well as having many other trips. The Dutch average 15 km commute is constructed from the CBS data and the 
report from the ANWB and Milieu Centraal (Fig. 2.2-3) [4] [6]. Six synthetic driving profiles have also been created 

based on commuting to and from work on weekdays. These profiles are a 10 km each way commute, 15 km each 
way commute, 20 km, 30 km, 40 km and 50 km. Table 2.2-2 summarises the driving profiles used. In the cases of 

Inputs

Location �t GHI & Tamb

Driving profile

Vehicle specifications

PV specifications

Charging strategy

Cost of electricity

Carbon intensity of grid 
electricity

Process

Required kWh for drive

Battery SOC

PV yield - BigEye

Grid charging

Outputs

Energy balance

Charging moments

% PV utilised

CO2-eq savings

Euro savings

0

20

40

60

80

100

120

140

160

180

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
ad

ia
tio

n 
[k

W
h/

m
2 ]

Monthly radiation in Amsterdam

Global radiation [kWh/m2] Diffuse radiation [kWh/m2]



Task 17 PV and Transport  �± State-of-the-Art and Expected Benefits of PV-Powered Vehicles 

63 

the simple profiles, no one trip is longer than 50 km and daily travel is double that. However, in the Dutch average 
profile and the measured profiles the longest daily distance travelled is 200 km and 290 km respectively. In this 

way, the model is also able to account for the infrequent but often necessity of longer distance trips. 

 

Table 2.2-2. Driving profiles used in simulations  

(The simple profiles are synthetically created, and the Dutch average and measured profiles are based on real 
driving measurements.) 

ID Driving Profile Commute distance 
each way [km] 

Annual distance travelled 
[km] 

a. s_10km Simple 10k 10 5 220 

b. s_15km Simple 15k 15 7 830 

c. s_20km Simple 20k 20 10 440 

d. s_30km Simple 30k 30 15 660 

e. s_40km Simple 40k 40 20 880 

f. s_50km Simple 50k 50 26 100 

g. 13k km/y Dutch average 15 13 000 

h. 28k km/y Measured 50 28 000 

 

 

Fig. 2.2-14 Driving profile �± 50 km one way commute based on measured data (28  000 km/year)  

 

 

Fig. 2.2-15 Driving profile based on Dutch statistics and a 15 km one way commute (13  000 km/year)  
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Fig. 2.2-16 Example of a synthetic driving profile, consisting of a 10 km each way c ommute on weekdays.  

 

2.2.6.3 Vehicle choice and specifications  

The vehicles selected for the case studies are based on the most popular EVs in the Netherlands, as reported in 

the monthly statistics [1], as shown in Table 2.2-1. The Electric Vehicle Database [9] has been used as a source 
for specifications of various electric vehicles. It presents real use efficiency and range values for the vehicles with 
respect to road type and weather type, as well as providing details on battery capacity. All of which are used in the 

EF model. The weather definitions are: Cold Weather: �± �µ�Z�R�U�V�W���± �F�D�V�H�¶���E�D�V�H�G���R�Q��-10�qC and use of heating, and 
Mild Weather: - �µ�E�H�V�W-�F�D�V�H�¶���E�D�V�H�G���R�Q���������qC and no use of air conditioning [9]. Charging losses or factors (c.f.) are 
calculated by finding the relative difference between the two WLTP (World Harmonised Test Protocol Rating) 

values. The WLTP vehicle consumption value is equal to the calculated battery energy used by the vehicle for 
propulsion and on-board systems and the WLTP rated consumption value includes charging losses [9]. The charge 
factor (c.f.) is then calculated as follows: 

�?�ä�B�ä
L �s
F �@�9�.�6�2���4�=�P�A�@���%�K�J�O�Q�I�L�P�E�K�J
�9�.�6�2���8�A�D�E�?�H�A���%�K�J�O�Q�I�L�P�E�K�J
W �A 

 

The c.f. is applied in the EF model both during PV charging and during grid charging. The battery charging limits 

have been taken to be between 20% and 80% state of charge. This means the low battery trigger is set to 20% of 
full capacity, and the maximum charge a battery will receive is 80% of capacity. This is the approach that is 
recommended to prolong battery life as described in [10].  

For the simulations, three generic vehicles have been used, based on EV database parameters for three popular 
vehicles in the Netherlands. Given that the distance an electric vehicle can travel or its range between charging is 
directly related to the size of the vehicles battery. A short-range or small battery capacity vehicle, a mid-range or 

middle sized battery capacity vehicle and a long-range or large sized battery capacity vehicle have been selected 
for modelling. The specification of the three vehicles are presented in Table 2.2-3. 

 

Table 2.2-3 Vehicle specifications used in the modelling including road types and weather definitions  
(EV Database accessed, June 2020) 

Vehicle  Batt. 

Cap. 
(Usble) 
[kWh]  

EVDB 

Real 
Range 
[km]  

WLTP 

Veh. 
Cons.  

[Wh/km]  

WLTP 

rated. 
Cons.  

[Wh/km]  

Real Energy Use [Wh/km]  

Cold Weather Mild Weather 

City Hwy. Cmb. City Hwy. Cmb. 

Long -range 72,5 460 129 160 167 220 188 109 167 136 

Mid -range  56 330 145 180 172 243 204 115 187 149 

Short -range 32 190 138 153 173 237 200 114 188 149 
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2.2.6.4 PV specifications and yield predictions  

The TNO PV yield model, originally developed to calculate the yield of bifacial PV installations, BigEye, [11] is used 

to calculate the energy yield of the vehicle integrated PV element. BigEye uses the GHI (Global Horizontal 
Irradiance) ambient temperature and 1-diode parameters for the PV modules. The simulations assume mono c-Si 
PV technology with approximately 21% module level efficiency. 

 

2.2.6.5 Charging strategies  

To quantify the impact of different user behaviours, two different charging strategies have been used for comparison 

in the simulations: a conservative look-ahead strategy and PV optimised strategy. In both strategies the model 
looks to upcoming driving requirements for the day or the next day and compares the energy required for that drive 
with the current state of charge of the battery. If there is enough energy in the battery to complete the drive, then 

nothing occurs. If there is not enough energy in the battery, then in the conservative look-ahead strategy, the 
vehicle will be charged from the grid and charged to the allowed maximum (80%). For the PV optimised strategy, 
some space is left in battery (10%, PV reserve) such that the battery can accept PV energy produced during the 

drive the next day. This maximises the utilisation of the PV resource. 

 

Table 2.2-4 EV charg ing strategies applied in the EF model  

Strategy  Details  

Conservative -  look 

ahead 

Battery SOC evaluated for next drive requirement �± if SOC + buffer not 

enough �± then battery is fully charged 

PV optimised  Same as conservative �± look ahead, except battery not fully charged, some 

space left to accommodate PV charging 

 

2.2.6.6 Cost of electricity and CO 2-eq intensity  of the local grid  

To determine the environmental and financial benefits of PV integration in electric vehicles, the domestic electricity 
prices per kWh and carbon intensity in grams of CO2-eq per kWh for each country are used to calculate the 
reduction in CO2-eq emissions and financial savings. [12] [13]. 

The cost savings are based on the household electricity prices with the assumption that most charging will be done 
at home. Costs savings will vary (likely higher) if fast charging or en-route charging is used. 

Net CO2-eq (�ûCO2-eq) emissions are calculated according to:  

�û CO2-eq [kg] =   EPV[kWh]*Cgrid [kg/kWh] -  Cemb-PV 

 

Where EPV is the total energy generated by the PV each year; Cgrid is the carbon intensity of the country grid; and 

Cemb-PV is the embedded CO2 footprint of the PV, according the LCA described in section 2.3.3.3 of this report 
(Kanz, et al. 2020) with an assumed 12 year VIPV system lifetime. 

 

2.2.7 Simulations and results  

The assumptions and inputs are summarised in Table 2.2-5. Initial study results presented are focused on the 
Netherlands, other locations are assessed for comparison in Chapter 4.1.  
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Table 2.2-5 Assumptions and inputs for Netherlands simulations  

PV  PV  Wp 800 

 Global Horizontal Irradiance [8] kWh/m2/year 999,6 

 Diffuse Horizontal Irradiance [8] kWh/m2/year 522,5 

 Ambient Temperature [8] C�q (average) 10,9 

 Orientation Tilt/azimuth Horizontal 

 Shade losses % 0% 

 CO2 emission from manufacturing [14] (kg-CO2/kWp) 1 229,16  

 Annual CO2 contribution from 
manufacturing for 800Wp, 12year lifetime 

(kg) 81,9 

EV EV-database real energy consumption 
and charging losses (c.f.) [9] 

Real Energy 
Consumption 

(average) (Wh/km)  

Charging factor (c.f.) 

 Long-range  158  0,24 

 Mid-range  170 0,24 

 Short-range  168 0,13 

 Lifetime (years) 12 

Battery charging Initial state (before driving) (%) 100% 

 Charging rate (kW) 7,4 

 CO2 content local grid electricity [13] (kg-CO2/kWh) 0,437 (Netherlands) 

 Electricity price (household prices) [12] (EUR/kWh) 0,221 (Netherlands) 

 Low battery trigger (%) 20 % 

 Maximum limit for charging (grid) (%) 80 % 

 Maximum limit for charging (PV) (%) 80 % 

 Reserve for PV in PV opt strategy (%) 10 % (charge to 70 %) 

 

2.2.7.1 Reduction in charging frequency  per driving  profile and vehicle  

Figs. 2.2-17, 18 and 19 show the total and relative reduction in charging frequency for the different vehicles and 
driving strategies. The biggest benefit (more than 60%) is gained in terms of reduction in charging frequency for 
any vehicle with the simple 10 km commute. As the driving distance increases, the relative reduction in charging 

frequency decreases for all vehicle types. In the case of a short-range vehicle with a small battery and a long driving 
distance (simple 50 km commute), there is almost no decrease in charging frequency as the necessary driving 
distances almost always require a full battery and perhaps even one or two stops on a trip. However, as the 

�Y�H�K�L�F�O�H�¶�V���U�D�Q�J�H�����E�D�W�W�H�U�\���F�D�S�D�F�L�W�\�����L�Q�F�U�H�D�V�H�V�����D���U�H�O�D�W�L�Y�H���E�H�Q�H�I�L�W���L�Q���Fharging frequency of at least 10% is calculated 
(except in the case of the 28 km driving profile). As a consumer will likely choose a vehicle with a nominal range 
that is equal to or greater than their daily commuting needs, the benefit of on-board PV will likely be at least a 10% 

decrease in charging frequency in the Netherlands. It should also be noted that for the measured driving profiles 
(g) and (h) the reduction in charging frequency is not as great as for the simple commute driving profiles with similar 
commute distance. This is due to some individual trips in (g) and (h) being longer than the simple profile trips which 

lead to the battery needing to be charged more often. 
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Fig. 2.2-17 Total number of ch arging frequency  with and without PV for Amsterdam and the relative 

reduction in charging frequency  �± right axis  
(For all driving profiles and the short-range distance vehicle.) 

 

 

Fig. 2.2-18 Total number of c harging frequency  with and without PV for Amsterdam and the relative 
reduction in charging frequency  �± right axis  

(For all driving profiles and the mid-range distance vehicle.) 

 

 

Fig. 2.2-19 Total number of ch arging frequency  with and without PV for Amsterdam and the relative 
reduction in charging frequency  �± right axis  

(For all driving profiles and the Long-range vehicle.) 

 

2.2.7.2 Charging and PV utilization  

In order to have the most impact on cost savings and CO2 emissions, the energy generated by the PV should be 
maximally utilized. Figs 2.2-20, 21, and 22 show the total number of kWhs from the grid and/or PV resource and 
the PV utilization (with an 800 W PV system). These simulations use the PV optimized charging strategy. It can be 

seen that the PV is almost always 100% utilized for all vehicle types. Interestingly, for a simple 10km commute, the 
PV is best utilized in the case of a mid-range vehicle, due partly to the larger battery being able to accept the PV 
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charge and partly due to the higher energy requirements of the mid-range vehicle. These higher energy 
requirements are due to the combination of a lower efficiency and higher charging losses when compared to the 

other two vehicles. For the more realistic driving profiles, (g) and (h), a lower PV utilization is caused again by 
longer individual trips in these profiles, draining the battery and requiring it to be recharged more often. As the 
battery size increases, the PV utilization also increases.  

 

 

Fig. 2.2-20 The total kWh utilised for driving divided into Grid and PV charging (left axis) and the 
percentage of generated PV energy that has been utilised (right axis) for Amsterdam and the s hort  range 

vehicle  

 

 

Fig. 2.2-21 The total kWh utilised for driving divided into Grid and PV charging (left axis) and the 

percentage of generated PV energy that has been utilised (right axis) for Amsterdam and the mid -range 
vehicle  

 

 

Fig. 2.2-22 The total kWh utilised for driving divided into Grid and PV charging (left axis) and the 
percentage of generated PV energy that has been utilised (right axis) for Amsterdam and the long -range 

vehi cle 
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2.2.7.3 Solar kilometers  

The total solar kilometers that can be driven each year in Amsterdam are shown in Fig. 2.2-23. For all vehicle types 

and driving profiles, the PV can supply energy for between 3 000 �± 4 100 km/year with an average of approximately 
3 650 km. This will scale with more PV and better (PV or EV) efficiency. The mid-range vehicle has notably lower 
solar kilometres, which is due to the higher energy requirements discussed earlier. 

 

 

Fig. 2.2-23 Solar kilometres per year, all vehicles and all driving profiles in Amsterdam  

 

2.2.7.4 CO2 emission analysis  

The highest PV utilisation and consequently the largest CO2 reductions occur using the optimised for PV charging 
strategy. Fig. 2.2-24, Fig. 2.2-25 and Fig. 2.2-26 show the comparison of CO2 emissions with and without PV for 

all driving profiles and Fig. 2.2-27 show the net CO2 emissions for all vehicles and profiles. The calculations are 
made using the optimised for PV charging strategy. The CO2 �H�P�E�H�G�G�H�G���L�Q���W�K�H���3�9���L�V���L�Q�F�O�X�G�H�G���L�Q���W�K�H���µ�Z�L�W�K���3�9�¶���Y�D�O�X�H�V�� 

 

 

Fig. 2.2-24 Total CO 2 comparison without and with PV in Amsterdam with the s hort  range vehicle and all 

the driving profiles and the PV optimised charging strategy, the values for with PV include the embedded 
CO2 in the PV itself. For 800 Wp of PV this is around 82 kg/year  
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Fig. 2.2-25 A comparison of the total CO 2 emissions with and without PV for the mid -range vehicle  and 

the optimised for PV charging strategy  

 

 

Fig. 2.2-26 A comparison of the total CO 2 emissions with and without PV for the long -range vehicle  and 
the optimised for PV charging strategy  

 

 

Fig. 2.2-27 Net CO2-eq savings in kg/year for Amsterdam, all pro files and all vehicles  
(The net value is calculated as the difference between the CO2 emissions with and without PV.) 
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The net CO2 savings are very similar for all driving profiles and all vehicles where the PV is optimally utilized. This 
is because they are directly related to the PV utilised. The net savings are between 192 and 255 kg-CO2/year 

across the profiles and vehicles. 

 

2.2.7.5 Cost savings  

The cost savings are directly related to the utilised PV, calculated by multiplying the kWh of PV utilised by the 
household electricity prices in EUR/kWh. For these calculations, the cost of the PV element itself is not considered. 

 

 

Fig. 2.2-28 Predicted financial benefit, for Amsterdam, based on a household electricity pr ice of 0,22 
EUR/kWh 

(The savings range between 138 and 164 EUR/year.) 

Like the CO2 reductions, the cost savings have a direct correlation with the PV utilised, and range between 138 
and 164 EUR/year for the profiles and vehicles examined here. These savings are most likely higher if the 
commercial charging pole prices were considered. In the Netherlands a figure of 0,35 EUR/kWh is not uncommon 

and so this would increase the above figures by 60%, making the savings up to 262 EUR/year. The Netherlands 
government has stated that the cost of charging electric vehicles must become much clearer by December 1, 2020 
[15], but these figures were not available at the time of this writing. 

 

2.2.8 Conclusions  

The results of these case studies in this section show that even with a relatively low total irradiation, PV-powered 

vehicles can make a significant impact on electric vehicles in the Netherlands. As PV and EVs become more 
efficient the impact can increase. It is also shown that driver behaviour, in the form of charging strategies and 
driving profiles, can have a measurable effect on the benefits of PV-powered vehicles. Up to 60% reduction in 

charging frequency can increase autonomy and a feeling of security for the EV driver. And while CO2 emission 
reduction will depend on the carbon intensity of the local grid, current values in the Netherlands mean that there 
can be an effective CO2 reduction of about 200 kg CO2-eq/year. Finally cost savings are shown up to 164 EUR/year, 

but are more likely to be much higher as commercial EV charging rates are currently significantly higher than 
household electricity prices. 
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2.3 Case study on PV -powered light commercial vehicles in 
Germany: Energy balance and e xpected CO 2 reduction  

In Germany, integration of photovoltaics (PV) into electrically-driven vehicles is currently investigated within the 
�I�U�D�P�H�Z�R�U�N���R�I���S�X�E�O�L�F���I�X�Q�G�H�G���U�H�V�H�D�U�F�K���S�U�R�M�H�F�W�V�����H���J�����Z�L�W�K�L�Q���W�K�H���S�U�R�M�H�F�W���³�3�$�7�2�6�´���>���@�����³�6�W�U�H�H�W�´���>���@���D�Q�G���³�/�D�G�H-�3�9�´���>���@���± 
all funded by the German Ministry for Economic Affairs and Energy), by the Start-Up company Sono Motors [4], 

and by a few automotive companies such as Audi [5].  

�7�K�L�V���V�H�F�W�L�R�Q���U�H�S�R�U�W�V���R�Q���W�K�H���F�D�V�H���V�W�X�G�\���Z�L�W�K�L�Q���W�K�H���S�U�R�M�H�F�W���³�6�W�U�H�H�W�´�����,�Q���³�6�W�U�H�H�W�´�����R�Q-board application of PV specifically 
in electrically powered light commercial vehicles (LCV) is investigated. Besides the need for de-carbonization of 

the entire transport sector, the transition from combustion engine-driven LCVs to electrically-driven LCVs is also 
motivated by the necessity to improve the air quality in inner cities. In numerous cities of Germany, for example, 
the EU limit for nitrogen oxide concentration (below 40 µg/m3 of outside air) has yielded a driving ban for older 

diesel vehicles with high NO2 emissions. On the other hand, delivery service in the inner cities is increasing more 
�D�Q�G���P�R�U�H�����L�Q���S�D�U�W�L�F�X�O�D�U���G�X�H���W�R���W�K�H���L�Q�F�U�H�D�V�H�G���L�P�S�R�U�W�D�Q�F�H���R�I���L�Q�W�H�U�Q�H�W���W�U�D�G�H�����(�O�H�F�W�U�L�I�L�F�D�W�L�R�Q���R�I���W�K�H���³�O�D�V�W���G�H�O�L�Y�H�U�\���P�L�O�H�´���L�V��
therefore desirable. In Germany, electrically powered LCVs are commercialized for example by Streetscooter 

(WORK), Volkswagen (E-Crafter) and MAN (eTGE).  

Exemplary differences to the situation for passenger vehicles are that for LCVs, the rather high cuboid compartment 
relaxes the requirements on aesthetics such as curvature or color of the PV modules. In addition, the electricity 

provided by the PV modules can not only be used for driving but also for on-board functions such as a refrigerated 
box. Finally yet importantly, the driving pattern for LCV, such as delivery vehicles, exhibits stops with significant 
time for PV-based recharging. Exemplary differences to the situation for heavy trucks and truck trailers are that for 

LCVs, both the available roof areas and the energy consumption during driving are smaller, shading issues are 
probably more pronounced in urban environments than on highways [6], and electrically-driven vehicles are more 
established so that the PV energy can more likely be utilized for driving rather than for on-board functions only. 

Therefore, one may expect significant differences for the integration of photovoltaics in LCVs as compared to the 
user case of passenger vehicles and heavy trucks / truck trailers. 

The general objective of Street is to demonstrate experimentally a high solar coverage rate > 20% of the energy 

required by electrically powered light commercial delivery vehicles, and to demonstrate an economic viability of 
VIPV for this application. For this purpose, a demonstration vehicle �± a Streetscooter WORK L (see Fig. 2.3-1) �± 
is equipped with photovoltaics. Street is a research project with a duration of three years, and started on 1st August 

2018. The consortium members of Street are: StreetScooter �± an electric vehicle manufacturer located in Aachen, 
Germany, owned by Deutsche Post DHL Group; Continental �± a German automotive manufacturing company 
specialized in, among other fields, interior electronics, automotive safety and powertrain; a2-solar �± a German PV 

module manufacturer specialized in vehicle integrated and building integrated applications; Meyer-Burger -  a Swiss 
PV equipment manufacturer specialized in, among other technologies, deposition tools for Silicon Heterojunction 
(SHJ) cells, operating a SHJ pilot line in Hohenstein-Ernstthal, Germany; the Institute for Solar Energy Research 

Hamelin (ISFH); the Institute for Electronic Materials and Devices from Leibniz University Hannover (MBE); 
JÜLICH; Helmholtz-Zentrum Berlin (HZB) - research institutes with expertise in PV cell development. Street is 
coordinated by ISFH.  

 

 

Fig. 2.3-1 Streetscooter: WORK L  
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2.3.1 Energy balance analysis for LCV  

Regarding vehicle types, the Street project has chosen �W�K�H���H�O�H�F�W�U�L�F�D�O�O�\���G�U�L�Y�H�Q���O�L�J�K�W���F�R�P�P�H�U�F�L�D�O���Y�H�K�L�F�O�H���³�:�2�5�.���/�´��

from the company StreetScooter (see Fig. 2.3-1). More than 10 000 of these are already in use in the fleet of 
Deutsche Post DHL Group.  

When integrating solar modules into the compartment of the WORK L (roof, sides, rear-side), a total area of ~15 

m2 can be used. The maximum peak power available from this area would be 3 000 Wp for an assumed module 
efficiency of 20% under standard testing conditions STC (25°C, AMG 1,5 spectrum, vertical light incidence). The 
first generation VIPV modules actually realised in the Street project have a total peak power of 2 180 Wp under 

STC. The modules designated for the roof accounts for 875 Wp under STC. 

Of course, this poses an upper limit since light incidence is by far not vertical (in particular for the modules mounted 
on the side and on the rear), there is no direct irradiation on the sides facing away from the sun, and transient 

partial shading can occur. Besides an effectively reduced time-averaged irradiation, the transient effects may also 
be relevant for on-board electronics such as maximum power point trackers (MPPTs), since they can occur at 
significantly higher frequencies compared to stationary use. 

In order to assess time-averaged aspects such as the roof-to-side ratio of the irradiation as well as the 
abovementioned transient aspects, the solar irradiance on the roof and the side of a vehicle while driving was 
measured with very high time resolution [7][8]. Three Kipp & Zonen SP2 Lite 2 pyranometers on a Renault Kangoo 

are attached with a modified roof rack. The used pyranometers are silicon based and have a spectral range of 400 
nm to 1 100 nm and a response time lower than 500 ns. They are directed to the left, right and upwards with respect 
to the direction of driving. The output signal is an analogue voltage, which is proportional to the solar irradiance on 

the sensor with a sensitivity of 72 fV/W/m² and is recorded by a digital oscilloscope with a sampling rate of 10 kHz. 
GPS was used to track the location and speed with a sampling rate of 1/s. 

The test route represents many different situations that can typically occur while driving in an urban environment 

with light commercial delivery vehicles. The route features sections with a high building density with narrow streets 
and low speed limit, as well as sections with medium wide streets such as alleys and wide streets with higher speed 
limit, such as city highways. The route was also chosen so there were about equally long sections in predominantly 

north-south (or south-north) direction as in predominantly east-west (or west-east) direction. The route is depicted 
in the satellite image in Fig. 2.3-2. The data used in this work was collected in a total of six runs in autumn 2019, 
in winter 2019/2020 and in summer 2020, on a sunny and on a cloudy day, respectively. 

 

 

Fig. 2.3-2 The GPS track of the test route. The direction of driving is counter clockwise with the start/end -
point in the north �Z�H�V�W�����*�R�R�J�O�H���(�D�U�W�K���3�U�R�������������������������������ƒ�����¶�����������´���1�����ƒ�����¶�����������´���(�����,�P�D�J�H�U�\���G�D�W�H����������������������

© 2019 Google, © 2009 GeoBasis -DE/BKG) 
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The measured maximum irradiance on the �Y�H�K�L�F�O�H�¶�V roof was consistent with stationary irradiance measurements 
of the Institute of Meteorology and Climatology of the Leibniz University Hannover [9] at a location close to the test 

route. Fig. 2.3-3 shows the average irradiance on the side of the vehicle relative to the irradiance on the roof. It 
was found that this side-to-roof ratio is about 40% in average, which is similar to [10] considering the different 
degrees of latitude of the respective locations. However, it can vary from 26% to 93%, heavily depending on the 

solar altitude, the weather conditions and the type of the street. The significantly higher side-to-roof ratio in winter 
at sunny weather due to low solar altitude and little diffuse light is noteworthy. 

 

 

Fig. 2.3-3 Average irradiance on the side of the vehicle  relative to the irradiance on the roof (side -to-roof 
ratio)  

 

The collected data provides not only information about the overall solar irradiance on the vehicle while driving, but 
the high sample rate also allows an analysis of the transient behavior of illumination. Fig. 2.3-4 exemplarily shows 
a 10-minute extract of the measured irradiance over time from 09/05/2019 (a sunny day). The test run was 

performed between 13:00 and 14:00 UTC. 

 

 

Fig. 2.3-4 A 10-minute extract of the measured irradiance on the roof of the vehicle over time from 
09/05/2019, recorded between 13:00 and 14:00 UTC  

 

Fourier transform (FFT) was performed on the recorded data. The FFT converts a waveform from time domain to 
frequency domain, enabling a subsequent filtering. Fig. 2.3-5 shows the high pass filtered irradiance for the roof 
relative to the maximum irradiance for different seasons, weather conditions and street types over cut-off frequency. 

It was found that the frequencies at which irradiance changes occur heavily depend on the solar altitude, the 
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weather conditions and the type of the street. There is a trend to higher frequencies for sunny weather and streets 
with high speed limit. It was also found that higher frequencies occur more often on the sides of the vehicle, although 

not shown here. 

 

 

Fig. 2.3-5 High pass filtered irradiance on the roof over cut -off frequency for different environmental 

conditions  

 

For all environmental conditions, Fig. 2.3-5 shows a continuous decrease of the filtered irradiance with increasing 

cutoff frequency. On cloudy days, the decrease is much steeper. This can be explained by the more direct light on 
the sunny days which causes more hard edge shades which in turn cause more abrupt dark-light or light-dark 
transitions. The most relevant frequency range is below 1 Hz for most conditions, while higher frequencies 

contribute very little to the overall irradiance. For example, for a cloudy day in autumn, only 1,5% of the incident 
irradiance occur above a cutoff frequency of 1 Hz, and for sunny day in autumn, only 4% of the incident irradiance 
occur. For a cutoff frequency of 5 Hz, only 1,2% and 1,9�����R�I���W�K�H���L�U�U�D�G�L�D�Q�F�H���Z�R�X�O�G���E�H���³�I�L�O�W�H�U�H�G���R�X�W�´���D�W���W�K�H�V�H���G�D�\�V�� 

In conclusion, the solar irradiance on the roof and the side of a vehicle while driving with high time resolution was 
measured. It was found that the side-to-roof ratio is about 40% in average, but it can vary from 26% to 93%, heavily 
depending on the solar altitude, the weather conditions and the type of the street. The transient behavior of the 

irradiance with high time resolution was also investigated and it was found that more than 98% of the incident 
energy occur at frequencies below 5 Hz. A control rate of the MPPT is not required to exceed 5 Hz as illumination 
changes at higher frequencies are negligible for the overall energy yield �± at least for the test routes investigated. 

While these irradiation measurements on specific test routes provide valuable insights aspects such as roof-to-side 
ratio and transient shading, they are not directly generalizable for longer periods (e.g. annual average), other routes 
and different locations. This generalization is addressed by JÜLICH. JÜLICH is developing a methodology to 

forecast the energy yield on different timescales (days to annual average) based on metrological and satellite data. 
This model is currently validated by a comparison of its predictions with the results from experimental test drives. 
JÜLICH is also performing a Life Cycle Assessment to quantify the ecological benefit of VIPV for this specific user 

case (see below).  

Another approach is to estimate the ratio between the annual energy yield and the peak power for modules 
mounted horizontally and vertically on a vehicle based on practical experience. a2-solar has many years of practical 

experience in VIPV and has determined this ratio already in previous projects. For the modules mounted on the 
�6�W�U�H�H�W�V�F�R�R�W�H�U���³�:�2�5�.���/�´���Y�H�K�L�F�O�H��- 2 180 Wp (875 Wp) in total (on the roof) under STC - a2-solar estimates a total 
energy yield from 1 170 kWh/a (Hamburg, Germany) to 2 210 kWh/a (Rome, Italy), as shown in Table 2.3-1. 
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Table 2.3 -�����(�V�W�L�P�D�W�L�R�Q���R�I���D�Q�Q�X�D�O���H�Q�H�U�J�\���\�L�H�O�G���I�U�R�P���W�K�H���P�R�G�X�O�H�V���R�Q���W�K�H���6�W�U�H�H�W�V�F�R�R�W�H�U���³�:�2�5�.���/�´���Y�H�K�L�F�O�H��
for exemplary latitudes and longitudes, and the respective  solar energy coverage fraction  

(The (weighted) ratio between module peak power mounted roof and on the sides to the energy yield is based on 
a2-solars many years practical VIPV experience.) 

City  

Estimated annual 
energy yield 

(in total 2 180 Wp 
mounted on vehicle) 

[kWh/a] 

Solar energy coverage fraction 
(assuming an energy 

consumption of  
19,2 kWh/100 km and an annual 

driving distance of 20 000 km) 

[%] 

Hamburg  

(53,5511 ° north, 9,993682 ° east) 
1 170 31 

Erfurt  

(50,9787 ° north, 11,03283 ° east) 
1 300 34 

Munich 
(48,1351 ° north, 11,581981 ° east) 

1 430 37 

Rome  
(41,9028 ° north, 12,496365 ° east) 

2 210 58 

 

For the specified energy consumption for driving for this vehicle (19,2 kWh / 100 km according to NEFZ), this would 
correspond to a PV powered distance from 6 094 km/a (Hamburg, Germany) to 11 510 km/a (Rome, Italy). Referring 
to an average annual driving distance of ~20 000 km /a for these delivery vehicles, a solar energy coverage fraction 

from 30% to > 50% seems therefore achievable (see Tale 2.3-1). These numbers would definitely be significant. 
Currently, the Street consortium is working on the experimental verification of this prediction. For this purpose, the 
integration of the PV modules �± as well as of the electrical components from Continental (fast maximum power-

point tracker, DC/DC converter) - �L�Q�W�R���W�K�H���6�W�U�H�H�W�6�F�R�R�W�H�U���³�:�R�U�N���/�´���Y�H�K�L�Fle is ongoing work. First test drives were 
planned for end of 2020.  

 

2.3.2 Identified requirements, barriers and solutions for PV powered LCVs  

For the solar cells, the crystalline Si (c-Si) technology is chosen. As the application for VIPV, c-Si is in competition 
with thin-film and III-V based photovoltaic [5][11]. Thin film PV might be applied on flexible substrates and thus 

facilitates at least one-directional curved and lightweight modules. For III-V PV, very high efficiencies up to 29,1% 
are reported for single junction cells [12]. However, it is expected that for VIPV, c-Si provides the best trade-off 
between efficiency and costs. The a-Si:H/c-Si heterojunction technology (SHJ) based on double-side contacted 

cells was chosen. Meyer-Burger Germany provided 1 000 Si heterojunction (SHJ) cells on n-type doped, 
Czochralski-grown Si pseudo-square shaped wafers with a size of 156,75 mm × 156,75 mm and a thickness of 
150 µm. The median cell energy conversion efficiency (CEE) of SHJ cells from the pilot line at Meyer-Burger is 

currently 24,1% (standard testing conditions, busbarless measurement on full area). Due to the excellent surface 
passivation quality of the amorphous Si (median open circuit voltage 742 mV), the temperature coefficient of the 
CEE is only -0,2 %/K.  

These cells were connected to strings at ISFH using the Smart-Wire Cell Interconnection Technology (see Fig. 2.3-
6(a)). Besides many other positive aspects, one major advantage of this concept for the application VIPV is 
mechanical robustness and its tolerance against micro-cracks in the solar cells. The MB- Smart Wire Technology 

with In-free low-temperature solder material were used, and the latest generation of transparent foils for the foil-
wire assembly. These strings were integrated into modules by a2-solar (see Fig. 2.3-6(b)), and further integrated 
into the vehicle (see Fig. 2.3-6(c)). 
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Fig. 2.3-6 (a) Photo of SHJ cell strings interconnected by the Smart -Wire Cell Interconnection Technology 
at ISFH. (b) Integration of these strings int o fi nal VIPV modules (a2 -solar). (c) Integration of the PV 

components into the vehicle  (Photo: Continental Engineering Services ). 

 

For a second module generation, a2-solar will work on further reduction of the module weight, since a minimum of 

reduction of the payload is crucial for LCV applications. However, the durability requirements of automotive 
applications (high maximum temperatures, huge temperature gradients, vibrations and mechanical shocks, hail, 
etc.) are harsh and challenging to meet by foil-based light-weight modules. Therefore, a2-solar performs aggressive 

mechanical and accelerated aging tests.  

The integration of the PV modules �± as well as of the 
electrical components from Continental (fast maximum 

power-point tracker, DC/DC converter) - into the 
Streets�F�R�R�W�H�U���³�:�R�U�N���/�´���Y�H�K�L�F�O�H���L�V���R�Q�J�R�L�Q�J���Z�R�U�N����It already 
became obvious that feed-in of the energy converted by 

the PV modules into the high-voltage system of the 
electrically driven vehicle is not trivial. Besides the highly 
efficient DC/DC-converter from Continental, an 

appropriate adaption of the on-board communication 
system is required for this purpose.  

The integration of the PV components into the 

demonstrator vehicle were completed at the end of 2020, 
with a total nominal peak power of 2 180 W (see Fig. 2.3-
7). The PV-converted energy is transferred into the high-

voltage board net and utilized for range extension. 

 

2.3.3 Analysis of expected benefits: reduction of CO 2 emission  

Though prior studies have often indicated that VIPV will result in lower CO2 emissions, actual LCAs of VIPV are 
barely available, and most claims until now have not been quantified or validated for the specific situation of VIPV 
of LCVs [13][14][15]. Thus, the goal of this work is to analyze how PV-powered vehicles can contribute to 

sustainable mobility. Therefore, an LCA focused on determining the CO2 emissions of the abovementioned VIPV 
�/�&�9���³�:�2�5�.���/�´���I�U�R�P���6�W�U�H�H�W�6�F�R�R�W�H�U���L�V���F�R�Q�G�X�F�W�H�G�����7�K�H���U�H�V�X�O�W�V���R�I���W�K�L�V���U�H�V�H�D�U�F�K���F�R�X�O�G���E�H���X�V�H�I�X�O���I�R�U���F�D�U���P�D�Q�X�I�D�F�W�X�U�H�U�V����
to calculate emissions per vehicle, for political institutions to estimate environmental impacts for the transport sector 

and for business parties in the solar market to identify further application possibilities and yield useful data to identify 
critical areas for the improvement of VIPV for LCVs.  

This section presents the general methodology used to execute the LCA, defines the efficiency of the VIPV 

investigated and quantifies the resulting CO�• emissions. Additionally, key parameters that limit the environmental 
performance of the electricity produced by the PV system integrated into the vehicle are identified. Assumptions 
about these critical parameters for the reference case are clarified. 

(c)
© 

Fig. 2.3-7 PV-powered light commercial vehicle, 
developed by the Street project (Photo: 

Institute for Solar Ener gy Research Hamelin ) 
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2.3.3.1 Life Cycle Assessment Method  

LCA is a useful tool to quantify environmental performance, considering a holistic perspective. LCA is generally 

understood as a compilation and evaluation of the inputs, outputs and potential environmental impacts of a product 
system throughout its life cycle [16]. LCA studies always consist of four main phases, which are covered through 
ISO standards (DIN 14044; ISO 14040:2006). The first step of the LCA is used to define the goal and scope of the 

study. The second step is a life cycle inventory (LCI) model through which data is collected and organized. The 
third step is the life cycle impact assessment (LCIA), used to understand the relevance of all the inputs and outputs 
in an environmental framework. The fourth step is the interpretation, which is a systematic technique to identify, 

check, and evaluate information resulting from the LCIA (see Fig. 2.3-8). 

 

 

Fig. 2.3-8 LCA Framework (DIN 14044; ISO 14040:2006)  

 

The environmental impact assessment for this study has been completed at the mid-point level. Midpoints are 
considered to be connections in the cause-effect chain of different impact categories, also known as the problem-

oriented approach or classical impact assessment method. Greenhouse gas emissions (kg CO�•-eq) were used as 
an indicator of climate change contribution. 100-year global warming potentials based on the IPCC 2013 were 
assumed, according to their radiative, forcing capacity relative to the reference substance CO�•. Global Warming 

Potential (GWP) during the life cycle stages of a PV system is estimated as an equivalent of CO�• containing all the 
significant emissions CO�• (GWP=1), CH4 (GWP=25), N2O (GWP=298) and chlorofluorocarbons (GWP = 4 750-
14400). The calculations are performed using LCA software GaBi with Ecoinvent v2.2+ as background database. 

GaBi is a process-oriented software, examining the material and energy flows of each step in the production chain.  

 

2.3.3.2 Input Parameters of the LCA  

The use case is the light commercial battery electric vehicle WORK L of StreetScooter. The functional unit for this 
study is 1 kWh of electricity supplied by the PV system to the battery of the StreetScooter. In comparison to the 
functional unit of 1 km driven, the emissions of 1 kWh can be calculated more accurately. Furthermore, the chosen 

functional unit of 1 kWh allows for a direct comparison of effects of charging by PV modules to those due to charging 
by the grid. Thus, the emissions of VIPV and grid charged BEV can be evaluated more precisely referring to the 
same functional unit. The operation of the electrical vehicle is set in Cologne, Germany and started in 2017. Within 

the scope of this project, the environmental impacts of VIPV are to be studied according to the standard of life cycle 
assessment ISO 14040:2006. The PV system configuration is based on the first generation of the VIPV panels for 
the STREET Project with heterojunction silicon PV modules. Due to the lack of availability of LCA input data for the 

specific cell and module manufacturing chain described above, the input data for modules manufactured in China 
is assumed here. The analysed VIPV configuration includes three panels and three control units, including the cables 
mounted on the vehicle�¶�V roof. The VIPV system�¶�V�� �R�Y�H�U�D�O�O�� �F�D�S�D�F�L�W�\ is assumed to 930 Wp (corresponding to an 

envisage second module generation on the roof of the WORK L vehicle). Due to the uncertainties regarding the 
irradiation on the sides, so far the modules mounted there have been disregarded. The VIPV electricity system 
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includes raw material extraction, wafers, crystalline silicon-based heterojunction solar cells and module 
manufacturing, mounting structures manufacturing, inverters manufacturing, system installation and the operation. 

The production process of a typical commercial crystalline silicon solar cell is modelled based on the existing 
datasets describing the supply chain [17] (see Fig. 2.3-9). Input parameters of the manufacturing of the PV control 
unit (PVCU), as well as the vehicle integration process were added based on internal communication in the project 

STREET. The electricity consumption on all process levels is modelled following specific electricity mixes 
corresponding to China (CN) or Germany (DE) respectively, based on the Ecoinvent data sets. 

 

 

Fig. 2.39 VIPV system  value chain: Process f low diagram ; CN means China, DE means Germany  

 

The exact location of manufacturing plants is undocumented and unknown. However, it can be assumed that the 

location of these plants is somewhere within China. Modelling of the transportation was based on the standard 
distances as suggested in the Guideline for PC LCA [16] 

The main factor for the estimation of PV electricity generation is the effective solar irradiance, which depends on 

the route and location, season, time and module configuration and orientation. For the reference case of the LCA, 
the location for the operation was set in Cologne, Germany. The hourly global horizontal solar irradiance has been 
defined by averaging hourly incident global horizontal radiation data extracted from the PVGIS database. The on-

board generation of electricity was simulated based on degradation, system losses and shading factor (see Table 
2.3-2). A 19,7% module efficiency is assumed [18]. This can be considered as a conservative estimate of the lower 
�F�D�V�H���� �H�I�I�L�F�L�H�Q�F�L�H�V�� �Z�H�O�O�� �D�E�R�Y�H���������� �K�D�Y�H�� �E�H�H�Q�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �I�R�U�� �³�V�W�D�W�L�R�Q�D�U�\�´�� �K�H�W�H�U�R�M�X�Q�F�W�L�R�Q�� �P�R�G�X�O�H�V�� �E�X�W�� �V�S�H�F�L�I�L�F��

VIPV requirements such as foil-based front sides might reduce the module efficiencies in our scenario.  In line with 
the IEA PVPS methodology guidelines [16], degradation of 0,7% per year is applied. Operation time of the reference 
case was set to eight years, based on data of LCVs in delivery services [19]. 
 

Table 2.3 -2 Input Parameter s for the Operation of the VIPV  

Parameter  Value Unit  
Capacity  930 [Wp] 
Efficiency 19,7 [%] 

Degradation 0,7 [%] 
Operation lifetime 8 [a] 

Location  Cologne [50,938/6,954] [Lat/Lon] 
Database PVGIS-CMSAF - 

 

According to the literature guidelines, the VIPV system�¶�V efficiency was estimated. Due to dynamic shading, an 
average 70% performance compared to residential PV is assumed. Furthermore, generated energy cannot be used 
directly for traction of the vehicle and must be stored in the battery, where a DC-charging/discharging loss of 2% 

appears. An additional loss of 5% is considered due to the DC/DC converter. The loss of the MPP tracking 
additionally limits its efficiency in the model to 95%. A performance loss of 9% due to temperature increase and 
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low irradiance is assumed [20]. The overall average efficiency losses of the VIPV system is to be found in Table 
2.3-3. 

 

Table 2.3 -3 VIPV System Efficiency  

Loss Coefficient  Changes in output [%]  
MPPT Loss -5 
Temperature/low irradiance -9 
DC/DC conversions -5 
DC Charging/ Discharging loss -2 
Average shading factor -30 

 

The grid mix in the location of the charge is analysed regarding its carbon intensity. The �J�U�L�G�¶�V��emissions can vary 
massively depending on the different power plants. Fossil power plants dominate the power generation in Germany. 

Acknowledged studies usually consider annual average carbon footprints of the grid power plants caused by the 
life cycle (construction, fuel production, operation, etc.) [21]. Hourly average emissions of the German electricity 
mix vary depending on the day and night times. The German electricity mix was modelled using SMARD electricity 

generation data from 2017 and utilised for the projection of the future scenario [22]. The reference scenario follows 
the pathway of technological development as far as possible, according to the goals set by politics.  

The targeted total amount of CO2 emissions of the electricity sector for the year 2030 in Germany is 180-186 million 

t CO2. Until 2028, the annual electricity mix GWP is expected to decrease by 2 % per year [23].  

 

2.3.3.3 Results of the LCA  

The results of the analysis of the manufacturing phase [�G�C �%�12�í�A�M] demonstrate the impact before the operation 
starts. The manufacturing process VIPV shows similar results to other PV systems. The most dominant contributor 
to this phase is the Solar-Grade Process. It is responsible for 444,30 kg CO2-eq, a third of total emissions. The 

process of integration of the cells into the panel emits 235,24 kg CO2-eq. The calculated total amount of emissions 
during the manufacturing process is 1 143,12 kg CO2-eq (see Fig. 2.3-10).  

 

 

Fig. 2.3-10 Results of the LCA, the manufacturing phase GWP = 1  143 [kg CO 2-eq]  
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The on-board generation of electricity was simulated based on the assumptions on degradation, system losses 
and shading factor. While driving the EV, the batteries will discharge and will recharge again using the on-board 

PV modules. The degree of VIPV´s impact was expected to vary with the usage patterns: different daily driving 
distances have different depths of discharge corresponding to daily driving durations. In this study, all incoming 
irradiance during the day is used, assuming energy is being collected and the battery is being charged, even if not 

driving. For the reference scenario of eight years operation and a shading factor of 30%, the VIPV contribution is 
3 738,116 kWh. Prolonged operation of 12 years generates 5 526,702 kWh in total. For the same amount of energy, 
if the grid would be used, 1 630 kg CO2-eq for eight years and 2 267 kg CO2-eq for 12 years were calculated. The 

losses appearing due to grid distribution are not calculated, because the emission factor is already based on an 
energy consumption perspective.  

Main findings of the comparison with grid electricity show: VIPV can improve the carbon footprint for the reference 

case of an average shading factor of 30% and eight years of operation time. For the functional unit of 1 kWh of on-
board generated PV electricity, the emission factor of 0,357 kg CO2-eq/kWh is calculated for the reference case. 
In comparison, the average grid emissions for the operation time are expected to be 0,435 kg CO2-eq/kWh.  

Considering the data quality of the LCA, reduction of emissions of the functional unit for the reference case 
compared to the grid is about 18%. The holistic view of the results for the reference case shows 3 738 kWh VIPV 
contribution. For the functional unit of 1 kWh of on-board generated PV electricity, the emission factor of 0,357 kg 

CO2-eq/kWh is calculated. In comparison, the average grid emissions for the operation time are expected to be 
0,435 kg CO2-eq/kWh. Compared to the estimated grid average, about 18% less emissions per kWh are caused 
by VIPV. The projected contribution of VIPV was replaced by grid charging to find out in which operation year VIPV 

have fewer emis�V�L�R�Q�V���W�K�D�Q���W�K�H���J�U�L�G���D�Q�G���W�K�X�V���F�D�O�F�X�O�D�W�H���W�K�H���³�H�F�R�O�R�J�L�F�D�O���E�U�H�D�N-�H�Y�H�Q���S�R�L�Q�W�´�����,�Q���W�K�H���S�U�H�Y�L�R�X�V�O�\���G�H�V�F�U�L�E�H�G��
reference case, this point is achieved in the year 2022. That means that after 6,5 years of operation, the ecological 
impact of VIPV equals the impact of the grid charge. However, an increasing shading factor of mobile application 

causes a significant growth of emissions per kWh.  

The �V�W�X�G�\�¶�V��results are wide-ranging. The variations mainly arise from system operating assumptions (e.g. solar 
irradiation, system lifetime, shading factors) and technology improvements (e.g. electricity consumption for 

manufacturing processes). PV-generated power is an essential variable for the reduction in emissions. By 
increasing the shading factor, emissions per kWh grow significantly. An emission factor of 0,357 kg CO2-eq/kWh 
is calculated for the reference case. The increased shading factor of 40% results in 0,435 kg CO2-eq/kWh, which 

equals the average emissions of the future grid electricity. The ecological benefit over the grid charge disappears 
completely when the shading factor reaches 40%. Sensitivity analysis shows that if the VIPV is used for a prolonged 
life of 12 years, the emission factor of the produced electricity decreases to 0,221 kg CO2-eq/kWh. A reduction of         

38 % (0,136 kg CO2-eq/kWh) compared to the reference case of eight years is noted. The average grid mix 
emissions of prolonged use decrease to 0,409 kg CO2-eq/kWh. 

As mentioned above, the electricity consumption was so far modelled according to China�¶s grid mix data. The 

emission factor of 0,831 kg CO2-eq/kWh for �&�K�L�Q�D�¶�V��electricity mix was used for the simulation of the reference 
case. With the increasing share of renewable energy in the electricity mix, lower GWP impact will arise from the 
product�L�R�Q���S�K�D�V�H���R�I���W�K�H���9�,�3�9�����$�V�V�X�P�L�Q�J���³�J�U�H�H�Q�´���H�O�H�F�W�U�L�F�L�W�\���L�V���X�V�H�G���I�R�U���W�K�H���P�D�Q�X�I�D�F�W�X�U�L�Q�J���S�U�R�F�H�V�V����as is the case 

in Norway, the amount of emissions can be reduced. Using green electricity has the potential to be almost carbon-
free, as is the case for hydropower a�O�U�H�D�G�\�� �L�Q�� �X�V�H�� �W�R�G�D�\���� �³G�U�H�H�Q�´�� �H�O�H�F�W�U�L�F�L�W�\�� �D�V�V�X�P�S�W�L�R�Q�V�� �R�I�� �K�\�G�U�R�� �S�O�D�Q�W�V�� �Z�L�W�K��
average emissions of 0,003 kg CO2-eq/kWh were used to cover the energy need of the manufacturing phase 

(Memmler et al. 2018). For manufacturing of the whole system, 566,019 kWh are needed. If instead of the grid mix 
of 0,831 kg CO2-eq/kWh hydro plants with 0,003 kg CO2-eq/kWh are used in the reference case of 30% shading, 
the emissions fall from 0,357 kg CO2-eq/kWh to 0,230 kg CO2-eq/kWh. The transport emissions from China are 

responsible for around 10% of the overall emissions of VIPV. Assuming transport of the wafers from Norway instead 
of China, the emissions arising from transport can be extremely reduced. The reason is shorter distance to 
Germany (1 100 km from Oslo, Norway, instead of 19 994 km from Shanghai). 
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Fig. 2.3-11 Emissions depending on the shading  factor and prolonged lifetime  

 

For the recycling process, no established and reliable routes were found. As to the knowledge of the author, no 

study provides details on the LCI with the input and output of every process stage. However, if material depletion 
is considered, recycling is crucial, and further research should include recyclability options. Since second use is an 
important issue, the mounting structure, removable and light-weighted, must become a priority for the research. 

Furthermore, a scenario of VIPV connection to the public grid while parking during weekends, in which the surplus 
of unused electricity can be fed into the grid, seems to be realistic. Vehicle-to-Grid (V2G) concepts can be very 
profitable, but first, the dependence on the state of charge (SOC) of the battery including an ageing model of the 

battery with charging and discharging losses should be analysed. To contribute to the growth of the VIPV market, 
governments willing to achieve emission goals must support the standardisation of the technology. To solve this 
problem, international methods of evaluating added value on the reduction of grid power and ecological benefits 

are required. 
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2.4 Case s tudy on PV-powered reefer t ruck s in Spain: Economic 
feasibility a ssessment  

2.4.1 Introduction  

Solar Photovoltaics is expected to contribute to the necessary decarbonisation in the transport sector by providing 
green electricity for the transport of persons and goods, offering increasing arguments for its imminent deployment, 

as explained in this report. Traditionally, PV modules have been placed on passenger vehicles, integrated into 
solar roofs, basically as an auxiliary power source for air conditioners and other uses powered by traditional electric 
batteries. It contributes to recharge batteries in motor-powered vehicles or support power generated by an internal 

combustion engine (ICE). 

Road transport vehicles have mostly been using ICE for the past few decades, because of high reliability. Due to 
the increase in diesel and petrol prices, as well as environmental pollution and depletion of fossil fuels, most of the 

vehicle manufacturers are looking for alternative fuels for vehicle propulsion. The electrical vehicle (EV) is the best 
solution to reduce the global warming gases emission in the transport sector [1][2] and includes battery electric 
vehicles, hybrid electric vehicles, plug-in hybrid vehicles and fuel cell electric vehicles. The main challenge for the 

electric vehicle is the cost of energy source and renewable energy generation. In all of these configurations and 
also in the traditional ICE vehicles, photovoltaics can provide additional power to the battery and extend its driving 
�U�D�Q�J�H�����W�K�H�U�H�E�\���D�O�O�R�Z�L�Q�J�����L�P�S�R�U�W�D�Q�W�����V�D�Y�L�Q�J�V���L�Q���µ�I�X�H�O���F�R�V�W�V�¶��which will provide significant benefits for companies and 

end-consumers. In these vehicles, the available surface for the integration of PV cells is quite limited.  

As opposed to passenger vehicles, the transport of goods by road, mainly depending on diesel-powered trucks, 
offers other alternatives for PV with larger surfaces available, free of obstacles (heavy-duty road transport, e.g. 

trucks, or passengers transport in intercity long-distance and urban buses) for instance using the roof of trailers, or 
the bodywork for buses, including also the lateral parts, and with potential to power not only auxiliary services, but 
other important uses such as goods refrigeration or for driving. 

The economic viability of Vehicle Integrated PV (VIPV) might be achieved earlier in commercial trucks than in 
passenger vehicles due to their predictable routes and times [3]. Other factors are directly linked to the transport 
�F�R�P�S�D�Q�\�¶�V��specific business activity. One example can be found in the Spanish company GRUPO PRIMAFRIO, 

the leading transport company in Europe for refrigerated goods. 

GRUPO PRIMAFRIO (https://www.primafrio.com/en/) was set up over 50 years ago with the goal to become a 
global road refrigerated transport company. In line with this, GRUPO PRIMAFRIO is an excellent example and 

leader in the innovation field as shown in their headquarters with more than 300  000 m2 surface area (15 000 m2 
for a cross-docking refrigerated warehouse) as well as 106 loading and unloading docks and all kinds of services 
(laundry, hotel, restaurant 24/7, playroom and gym among others). The company has the logistical and operational 

capacity, as well as the flexibility required for �W�K�H���W�U�D�Q�V�S�R�U�W���G�H�P�D�Q�G���R�I���W�R�G�D�\�¶�V���P�D�U�N�H�W�� 

PRIMAFRIO is leading the energy transition in the transport and logistics sector being the first fleet using LNG 
trucks on international routes crossing more than 25 countries and working directly with the most reputed 

consortiums in Europe on the EU development programs for decarbonisation, automation, safety and connectivity 
of the transport sector in the H2020 and Green Deal calls. 

�3�5�,�0�$�)�5�,�2�¶�V�� �P�D�L�Q�� �D�F�W�L�Y�L�W�\�� �L�V�� �U�R�D�G�� �W�U�D�Q�V�S�R�U�W�� �R�I�� �U�H�I�U�L�J�H�U�D�W�H�G�� �J�R�R�G�V, thanks to the hermetically sealed trailers 

equipped with the latest safety technology, offering a full load and groupage service from the production areas in 
Spain and Portugal to the major points across Europe. The most important transported goods are: 

- Fruit and vegetable transport and food freights across Europe. The refrigerated transport solutions have 
been adapted, ensuring the characteristics of these perishable goods and securing their cold and 
traceability chain. The company is a benchmark for the transport of berries (strawberries, raspberries, 
blackberries, blueberries and cranberries), exporting more than 80% of Spain´s berry harvest. 

- GRUPO PRIMAFRIO also covers transport of the so-�F�D�O�O�H�G�� �³�D�G�G�H�G-�Y�D�O�X�H�� �S�U�R�G�X�F�W�V�´���� �V�S�H�F�L�I�L�F�� �L�W�H�P�V��
(technological gadgets, industrial, cosmetics and telecommunication devices) requiring a higher level of 
safety and a lower number of hours in a vehicle. 

- Through PRIMAVIA, GRUPO PRIMAFRIO is leading the intermodal transport combining railways and 
heavy-duty long-haul transportation. 
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- Finally, transport of pharmaceutical products and medicinal products through some diversification lines 
such as PRIMAPHARMA. 

GRUPO PRIMAFRIO has a fleet of near 2 500 vehicles equipped with live tracking and safety systems, which allow 
for the constant monitoring of location, consumption, driving times, emissions and temperature of each truck in real 
time. Through cutting-edge temperature control devices and real-time alerts, predictive and preventive 

maintenance in order to prevent any incidents are carried out, ensuring adequate maintenance of the cold chain 
and traceability of the items being transported. 

 

 

Fig. 2.4-1 New acquisition of 600 VOLVO TRUCKS (latest technology) (Photo: PRIMAFRIO)  

 

The main objective of PRIMAFRIO is the OPEX costs (Energy cost reduction in diesel for driving and cooling of 
goods), thanks to the green electricity provided by a PV system integrated in the trailer roof. 

�2�Q�H���R�I���*�5�8�3�2���3�5�,�0�$�)�5�,�2�¶�V���F�R�P�P�L�W�P�H�Q�W�V���L�V���W�R���H�Q�V�X�U�H���L�W�V���V�X�V�W�D�L�Q�D�E�L�O�L�W�\���D�Q�G���F�R�P�S�O�L�H�V���Z�L�W�K���W�K�H���K�L�J�K�H�V�W���V�W�D�Q�G�D�U�G�V��
�R�I�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �F�D�U�H�� �D�Q�G�� �S�U�R�W�H�F�W�L�R�Q���� �7�K�D�Q�N�V�� �W�R�� �W�K�H�� �F�R�P�S�D�Q�\�¶�V�� �D�Q�Q�Xal fleet renewal programme, sustainability 
goals have been met, reducing nitrogen oxide (NOx) emissions by 80% and particulate pollutant emissions by 66%, 

as well as achieving an 8% fuel economy by using Euro VI engines. Transport alternatives such as gas (LNG)-
fuelled trucks have also incorporated, thus furthering the commitment to reducing pollutant emissions. In this 
context, the VIPV is seen as a key factor for achieving its environmental sustainability and reducing emissions from 

the heavy-duty transport sector. Technology acquires a great role in this field since, thanks to the advances that 
are being made in topics so conventional for the transport sector, GRUPO PRIMAFRIO can implement predictive 
models and the simplification of large-scale operations that, in combination with strategic collaborations from 

national and European projects, allows them to develop new and more efficient measures such as active 
aerodynamics, biodegradable components or electrical traction, among others, which will realise the reduction of 
polluting and acoustic emissions, while combining, at the same time, more advanced and efficient operation. 

 

2.4.2 Economic feasibility assessment  

This subsection summarises the cost-�E�H�Q�H�I�L�W���D�Q�D�O�\�V�L�V���R�I���D�G�G�L�Q�J���D���3�9���V�\�V�W�H�P���R�Q���W�R�S���R�I���3�5�,�0�$�)�5�,�2�¶�V���U�Hfrigerated 

trailers, by comparing the potential of PV production with the truck�¶�V energy consumption, for different PV module 
technologies. The study also determines under which circumstances there is a profitable business case for the 
transport company, considering the multiple factors and parameters that have influence on the economic 

profitability. 

The exercise in the analysis has consisted of consumption loads, both for refrigeration of goods and for the truck�¶�V 
motion; then in the analysis of the potential PV generation, assuming specific boundary conditions such as the 

route followed by the truck, different PV module providers, etc. Finally, the payback time (PBT) has been calculated, 
considering the CAPEX, OPEX, savings in diesel, losses due to non-delivered goods caused by the reduction of 
payload or increase of diesel consumption due to extra weight. Given parameters and variables that affect the 
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economic analysis, a sensitivity analysis is presented to identify which parameters are key factors in reducing the 
PBT and making the business case with PV feasibility for the truck�¶s company. 

As a previous step for this analysis, it is worth highlighting different restrictions imposed by Grupo PRIMAFRIO 
which come from the day-to-day activity of the company. Some of them are summarised below: 

�‡ The trailers are replaced every 66 months (every five and a half years), so that the PV system should be 
mounted and dismounted with every change of trailer, if the maximum lifetime of PV modules is considered.  

�‡ Maximum height of the set composed by the supporting structure and PV modules should be less than 
10 cm thick, and ideally less than 3 cm thick. 

�‡ Maximum weight of the PV system, including modules and BOS (electronic devices, wiring, supporting 
structure) is suggested not to surpass 200 kg, approx. 1% of payload: (Payload: 22 ton). 

 

2.4.2.1 Consumption analysis  

�3�5�,�0�$�)�5�,�2�¶�V���W�U�X�F�N�V�¶ consumption is powered at present by diesel EURO VI engines on trucks and standard diesel 

engine for the refrigeration of goods (note that such engines do not respect any EURO contaminant legislation). 
The efficiency of a diesel engine for refrigeration is estimated at 27% (based on electricity consumptions for the 
compressor measured by PRIMAFRIO). For these engines, 1 litre of diesel is equivalent to 2,96 kWh of electricity. 

On the contrary, the average efficiency for the ICE used for motion is hardly 10%, thus 1 litre of diesel is equivalent 
to 0,9 kWh (source: TECNALIA for hybrid heavy-duty vehicles). Additional data provided by PRIMAFRIO regarding 
the consumption can be found below: 

�‡ Annual driving: 180 000 kms per truck. 

�‡ Refrigeration consumption: Two working modes: fix and automatic. On average, 70% of time reefer trucks 
work in fixed mode, and 30% in automatic mode, with a weighted consumption of 2,5 l/hour of diesel type 
B. Moreover, according to the information provided, 48 min/hour the compressor is ON, and 12 min OFF. 
This parameter depends on the working modes and it determines the percentage of direct self-
consumption that solar PV system can provide to the refrigeration engine, without using the batteries. The 
consumption also depends on the external temperature, if the trucks drive at day/night, and the 
temperature set for the refrigeration.  

�‡ As an additional parameter, on average, 60% of consumption is produced in absence of sunlight, whilst 
the remaining 40% is produced during daylight, thus 40% potential direct self-consumption 

The truck has two different batteries, one for the truck, auxiliary services, etc., another for the reefer. As a 

conclusion, the energy contained in both batteries is very limited compared with the production capacity of PV 
panels, which make them almost useless in ICE trucks. 

�‡ 24V: 2�ª220 Ah �ª 12V = 5,28 kWh 
�‡ 12V: 1�ª55 Ah �ª 12V = 0,66 kWh 

 

2.4.2.2 Generation analysis  

The starting point for the energy production analysis is the available surface on top of the trailer, free of obstacles. 
According to data provided by PRIMAFRIO, a maximum surface of 13,6 m �ª 2,6 m could be occupied with PV 

panels, though the usable surface is reduced to 13 m �ª 2,5 m, 32,5 m2. Two different module providers have been 
considered for this application, lightweight Solbian (Sun Power back contact c-Si cells), DAS ENERGY 
���P�R�Q�R�F�U�\�V�W�D�O�O�L�Q�H�� ���%�%�� �V�R�O�D�U�� �F�H�O�O�V���� �(�7�)�(�� �I�U�R�Q�W�� �V�K�H�H�W������ �D�G�G�L�W�L�R�Q�D�O�O�\���� �7�(�&�1�$�/�,�$�¶�V�� �6OLARFACE® encapsulation 

technology (with c-Si cells) and standard 72-cells glass-based crystalline silicon technology to complete the 
benchmarking. 

 



Task 17 PV and Transport  �± State-of-the-Art and Expected Benefits of PV-Powered Vehicles 

88 

Table 2.4 -1 PV module technologies parameters  

PV module  Solbian 
(back -

contact c -Si) 

DAS Energy 
(mono c -Si) 

Solarface®  
c-Si (20%) 

front 
glass  

Efficiency (%) 17,17 17,45 16,5 20,0 

Wp/module (Wp) 104 350 330 400 

Lenght (mm) 1 109 2 024 2 000 2 000 

Width (mm) 546 991 1 000 1 000 

Weight/panel (kg) 1,4 6,02 6,4 25 

No. modules  44 12 12 12 

Total peak power (Wp) 4 576 4 200 3 960 4 800 

 

The highest peak power is achieved with c-Si, totalling 4,8 kWp, 25 kg/panel, meaning 300 kg extra on the roof 
(without considering DC-DC converter weight). With lighter solutions, offering less than 4 mm thickness, e.g. 
SOLARFAC�(�Š�� ���I�L�E�U�H�� �J�O�D�V�V�� �U�H�L�Q�I�R�U�F�H�G�� �F�R�P�S�R�V�L�W�H�� �H�Q�F�D�S�V�X�O�D�W�L�R�Q�� �P�D�W�H�U�L�D�O�� �I�R�U�� �3�9�� �F�H�O�O�V���� �7�(�&�1�$�/�,�$�¶�V�� �L�Q-house 

technology), the installed power is reduced to 3,96 kWp and around 75 kg (3,2 kg/m2); DAS Energy, SOLBIAN, 
around 4,5 kWp, and 60-70 kg. 

The company offers transport services starting from Spain / Portugal with destination Europe. The route selected 

for the analysis starts in Murcia, and arrives at La Junquera, a 10-hour trip that can be made 100% in daylight. With 
0º inclination, the PV panels will produce an average daily production of 3,62 kWh/kWp/day along the 
Mediterranean coast, including the energy losses (PR=0,72), which means 14-17 kWh/day (average annual value), 

with peak values of approx. 26 kWh/day in July. No shade losses have been considered as the truck and trailers 
travel almost 100% of the time on the road. 

 

 

Fig. 2.4-2 Route for analysis,  from Murcia to La Junquera, 10 -hour trip  
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Table 2.4 -2 Energy production for each PV technology  
 

Solbian DAS Energy Solarface cSi 

Total daily production (kWh/day) Maximum 25,2 23,1 26,4 21,8 

 Minimum 7,6 6,9 7,9 6,5 

 Average 16,6 15,2 17,4 14,4 

 

2.4.2.3 Economic feasibility assessment  

The CAPEX for the analysed PV solutions ranges from 3 500 EUR for the glass-based c-Si to almost 7 000 EUR 

for certain lightweight solutions, including DC-DC converters and installation works (mounting and dismounting of 
supporting structure included). 

OPEX is not considered, as the cleaning of PV modules (top part of trailers) is already included within the activities 

usually carried out by PRIMAFRIO. The costs for diesel considered for this analysis are: 0,75 EUR/litre of diesel A 
(used for motion) and 0,45 EUR/litre of diesel B (used for industrial or agricultural activities, here used for cooling). 
Every kWh provided by PV systems and self-consumed by each truck involves a saving of 0,833 EUR/kWh if used 

for motion and 0,152 EUR/kWh if used for refrigeration.  

On the other hand, in case the company cannot deliver full load due to the weight of the PV system, it will lose 
incomes due to non-transported goods. The PV system�¶�V���Z�H�L�J�K�W also has an impact on the fuel consumption of the 

truck, being both the most important factors related to the weight of PV panels. Other factors such as the loss of 
aerodynamics are discarded in this study. 

It is assumed that out of the overall kWh generated during a day by the PV system, 100% are self-consumed in 

refrigeration: 81,1% in a direct way, without using batteries (mode ON reefer) and 19,9% stored in batteries 
(assuming energy losses close to 20% in the charging / discharging process).  

The annual incomes (savings in diesel) will account for 1 165-1 412 EUR, depending on the PV solution. The annual 

losses (missing incomes due to goods not transported): 520-1 480 EUR. This leads to a minimum simplified 
payback time of 9,28 years (SOLBIAN), thus, not representing a successful business case for PRIMAFRIO. 
However, there are multiple variables and restrictions, whose modification could make this payback time more 

attractive. 

 

2.4.2.4 Sensitivity analysis and discussi on 

By modifying the most important parameters that affect the PBT, the individual effect on this value can be analysed, 
providing useful information that will help PRIMAFRIO to make the decision of being committed to PV in trailers as 
a cost-effective green measure to reduce their diesel consumption. Next, some of the cases analysed are described. 

�6�R�P�H���R�I���W�K�H�P���P�D�N�H���3�9���V�\�V�W�H�P�V���S�U�R�I�L�W�D�E�O�H���I�R�U���3�5�,�0�$�)�5�,�2�¶�V���E�X�V�L�Q�H�V�V�����J�L�Y�H�Q���W�K�H���L�P�S�R�V�H�G���F�R�Q�G�L�W�L�R�Q�V�� 

�‡ % time that refrigeration works in a fixed mode. By default, 70%. In case 100% is considered, the PBT is 
reduced to 8,75 years payback. This improvement can be easily explained given that in a fixed 

refrigeration mode, the compressor is working 100% of the time (time ON), thus improving the self-
consumption ratio for the electricity generated by the PV modules, making the use of batteries almost 
residual. 

�‡ If diesel for refrigeration is the one used for driving (diesel EURO VI), the PBT is automatically reduced to 
4,43 years. This is a situation that will come in the very near future due to environmental restrictions. 
Again, this conclusion is much-anticipated, since the benefits for the transport company are derived from 

the reduction of diesel consumption. If the diesel consumption avoided is almost twice more expensive 
(0,75 Vs 0,45 EUR/l), then the PBT is deeply reduced. This effect can be seen in Fig. 2.4-3 for a 100 % 
of time at full-load. 
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�‡ % of time that the trailer is fully loaded, reaching its Maximum Authorised Weight (MAW). By default, 
�3�5�,�0�$�)�5�,�2�¶�V trucks deliver always their maximum payload, so if additional weight is placed on top of the 

trailer, that means less goods transported and thus, less revenues for the transport company. With just 
75% of the time at its MAW, the PBT is improved up to 8,15 years and with 50%, 7,27 years PBT. See 
Fig. 2.4-3 for more details on the evolution; on the left side with diesel costs for refrigeration at                             

0,45 EUR/litre and on the right, at 0,75 EUR/litre. In both cases, the evolution is clearly dependant on 
the % of time at full load, with minimum values leading to PBT below four years if the trucks never travel 
at full payload. 

�‡ Lost freight charges. For a value of lost freight charges set at 1 000 EUR/ton and year, the PBT is reduced 
significantly to 3,84 years, resulting in a key factor. See Fig. 2.4-4 for more details on the evolution, by 
considering annual freight values in the range of 1 000 - 4 000 EUR. 

�‡ In the present analysis, ICE trucks have been considered, the great majority of PRIMAFRIO trucks. In 
case of hybrid trucks, the electricity provided by the PV system could be used to fill the EV battery, 
contributing to the truck driving. In the case under analysis, 100% of the energy produced by the PV 

system is used to feed the refrigeration, but, if this electricity is entirely used for motion in hybrid electric 
trucks (100% for motion, 0% for cooling), a PBT of 0,66 years is achieved. More details on the dependence 
of the PBT with the use of PV electricity can be found in Fig. 2.4-5. 100% means that all the PV electricity 

is used for refrigeration; 50% means that half of the electricity goes for refrigeration, and half for the truck�¶�V 
motion. In the following figure, the PRIMAFRIO SMARTRUCK is presented, as an evolution of the actual 
ICE model (see Fig. 2.4-6). 

The sensitivity analysis could be completed by considering the variation of different parameters at the same time, 
leading to more complex results and conclusions, and out of the scope of the present study. Just as an example, 
if the same diesel is used both for motion and refrigeration (0,75 EUR/l), considering that 75% of time the trucks 

travel in full load, the best PBT is reduced to 3,62 years. 

 

  

Fig. 2.4-3 PBT Vs % time that the trucks go full y loaded for different diesel prices (0% never  full, 100% 
always full): Left 0,45 EUR/l, Right: 0,75 EUR/l  

 

0 years

5 years

10 years

15 years

20 years

25 years

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

PAYBACK (years) Vs. % full load. Diesel B 0,45 EUR/l

Solbian DAS cSi Solarface

0 years

1 years

2 years

3 years

4 years

5 years

6 years

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

PAYBACK (years) Vs. % full load. Diesel B 0,75 EUR/l

Solbian DAS cSi Solarface



Task 17 PV and Transport  �± State-of-the-Art and Expected Benefits of PV-Powered Vehicles 

91 

  

Fig. 2.4-4 PBT Vs freight cost of delivering 1  000 
kg of goods per year  

Fig. 2.4-5 PBT Vs % PV production that feed the 
refrigerating Vs motion (100% means all the 

electricity feed the ref rigeration)  

 

 

Fig. 2.4-6 Truck of the Future: PRIMAFRIO SMARTRUCK, hybrid model  

 

2.4.3 General concepts for PV in the road transport  

By analysing the existing options for the road transport of passengers and goods, and focusing on heavy duty 
vehicles, two main alternatives can be found: trucks for goods and buses for travellers. The needs, requirements 
and specific conditions derived from each vehicle�¶�V usage make the integration of PV different from one case to 

another. In Fig. 2.4-7, a tree diagram represents a simple classification of heavy-duty vehicles and describes key 
features for each category, addressing the implications for the integration of PV systems. 

 

 

Fig. 2.4-7 Clasiffication of heavy -duty vehicules an d main features that affect the integration  of PV 
systems  
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As can be observed, trucks for the logistics industry fit better for the integration of PV, given that the most frequent 
limitation for these vehicles comes from the space that goods delivered occupies (usually packages and boxes) 

and not from the weight of these packages, which makes the �3�9���V�\�V�W�H�P�¶�V��weight represent much less of an impact 
on the incomes losses, and thus, getting a much better PBT for the investment in the PV systems. In the case of 
buses and coaches, long-distance lines or occasional use buses make the best business case. In some of these 

coaches, and depending on weather conditions, season of the year, etc. the auxiliary load, especially the air 
conditioning, represents even more consumption than the bus motion for hybrid models. This would make a perfect 
use of the electricity provided by PV systems, instantaneously. On the contrary, urban buses suffer from more 

difficult conditions for the PV systems, e.g. continuous shading, vibrations and reducing the availability of PV 
electricity on-board. 

Despite easier integration than in passenger vehicles, PV in trucks / buses still show challenges to overcome, most 

of them shared with lighter and smaller vehicles: 

�‡ Incorporation of new and high efficiency cell technologies and encapsulation materials 

�‡ PV in movement �Æ quick changes in the I-V curve, which implies the need of ultra-fast MPPT algorithms 

�‡ Shades on the EV �Æ mismatching in I-V curves, need of specific lay-out for the interconnection of cells, 
ad-hoc DC-DC converters. 

�‡ Repair in case of small impacts, scratches, damages 

�‡ Recycling of components 

�‡ Cleaning of bodywork, sometimes with abrasive products  

All in all, the business case for each vehicle is a case by case exercise; there are no general rules, and the PBT 

can be as low as 1 year or as high as > 50 years, depending on application, country, size of transport, routes, 
weights, diesel prices, etc. Nevertheless, the conclusion is doubtlessly positive, and PV systems in trucks or buses 
could be useful and not just for auxiliary consumptions, offering also additional benefits for the brand/company 

linked to sustainability and green image. 
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2.5 Case s tudy on PV-powered  truck t railers in the Netherlands : PV 
electricity production on t railers  

IM Efficiency from the Netherlands [1] will commercialise the so-�F�D�O�O�H�G���µ�6�R�O�D�U�2�Q�7�R�S�¶���V�\�V�W�H�P���I�R�U���X�V�H���L�Q���V�H�P�L-trailers 
of trucks. The SolarOnTop system contains three main elements: thin film solar PV Panels of about 30 m2 which 
are integrated on top of a semi-trailer, a battery pack and a sophisticated energy control unit. Product development 

started in 2016, which resulted in early prototypes. By the end of 2020, the final product tests and approvals were 
completed. Since 2021, commercial sales take place in the Benelux. Simulations have shown that using a 
SolarOnTop system on certain routes can decrease diesel consumption with more than 5% and prevent CO2 

emissions of 6 000 kg per year per truck-trailer combination. 

 

  

Fig. 2.5-1 PV truck trailers (Photo: IM Efficiency)  

 

PV electricity produced by the SolarOnTop can typically be used at three main moments during a road trip by a 
truck:  

- During driving, the solar energy is supplied to the truck to power its auxiliaries. At those times, the alternator 
doesn't exert a load on the engine, thereby reducing fuel consumption of the vehicle. 

- During resting-time of the driver, the SolarOnTop can supply clean electricity to the truck to power electrical 

�D�S�S�O�L�D�Q�F�H�V���I�R�U���W�K�H���G�U�L�Y�H�U�¶�V���F�R�P�I�R�U�W�����V�X�F�K���D�V���F�R�R�O�L�Q�J�����K�H�D�W�L�Q�J�����D���I�U�L�G�J�H�����D���7�9�����H�W�F�����7�K�D�Q�N�V���W�R���W�K�H���S�R�Z�H�U���V�X�S�S�O�\��
of the SolarOnTop, there is �Q�R���Q�H�H�G���I�R�U���W�K�H���G�U�L�Y�H�U���W�R���L�G�O�H���W�K�H���W�U�X�F�N�¶�V���G�L�H�V�H�O���H�Q�J�L�Q�H���I�R�U���H�O�H�F�W�U�L�F�L�W�\���J�H�Q�H�U�D�W�L�R�Q����
In this manner, noise and unhealthy emissions on the parking spot will be avoided. 

- In case of electrical equipment in the semi-trailer (e.g. tailgates or other), the SolarOnTop system charges 
this semi-�W�U�D�L�O�H�U�¶�V���E�D�W�W�H�U�L�H�V���E�R�W�K���G�X�U�L�Q�J���D���W�U�L�S���D�Q�G���V�W�D�W�L�R�Q�D�U�\���P�R�P�H�Q�W�V�����%�\���D�F�W�L�Q�J���O�L�N�H���D���P�R�E�L�O�H���F�K�D�U�J�H�U�����W�K�H��
SolarOnTop system guarantees that the driver can utilize electrical equipment at all times, therefore it 

improves the operational reliability of the vehicle. 

 In 2019/2020, a study has been executed in 
collaboration with University of Twente to 

simulate the effectiveness of solar PV panels 
attached to the sides of the semi-trailer, in 
addition to those on top of the semi-trailer. 

The assumed sizes of the PV modules were 
just like those on top and 30 m2 on each side 
of the trailer. In this simulation study, four 

different routes have been evaluated, which 
were driven every day of the week. The 
directions of the evaluated patterns were 

similar (starting northwest and after 50 km 
going north), but the departure cities have 
different latitudes; they were Stockholm, 

Utrecht, Budapest and Madrid. Above, a 
scheme of the model and a characteristic 
route in Sweden are shown. 
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Fig. 2.5 -2 Approach for the simulation  study  

 

Fig. 2.5-3 Example of driving route in Sweden  

 

Fig. 2.5-4 shows some preliminary results of the energy production study where the vertical installation represents 
two vertically oriented PV panels attached to the sides of a semi-trailer, and the horizontal installation just one 
horizontally oriented PV panel with similar size as one of the two vertically oriented PV panels. 

- In general, two vertically oriented PV panels attached to the sides of a semi-trailer results in as much energy 
per year as a horizontally aligned PV module of the same size on top.  

- However, detailed daily graphs show that during seasons or moments with a reduced elevation of the sun 

such as �± in the Northern Hemisphere �± fall and winter, vertically oriented PV panels will have a higher yield 
depending on the location, date, time. 

- In Spain, due to the high elevation angle of the sun the whole year through, the horizontally oriented solar 

PV panel outperforms the two vertical ones. 
- The general conclusion could be drawn that the higher the latitude, the more suitable vertically oriented PV 

panels will be for solar power production by semi-trailers. 

 

 

Fig. 2.5-4 Preliminary results of annual PV electricity production in some cities in Europe  

 

The effect of surroundings on the performance of both horizontally and vertically oriented PV panels on trailers is 
illustrated in Fig. 2.5-5, where on the left, the elevation angle of the sun is high and at the right, it is low. Depending 
on objects in the surroundings, the position of the s�X�Q���D�Q�G���W�K�H���G�U�L�Y�H���V�S�H�H�G�����W�K�H���W�U�D�L�O�H�U�V�¶���V�X�U�I�D�F�H�V���Z�L�O�O���E�H���V�X�E�M�H�F�W�H�G��

to alternating shades which will be a challenge. 

 

Stockholm Utrecht Budapest Madrid
0

1000

2000

3000

4000

5000

6000

7000

E
ne

rg
y 

(K
W

h)

Vertical
Installation

Horizontal
Installation



Task 17 PV and Transport  �± State-of-the-Art and Expected Benefits of PV-Powered Vehicles 

95 

 

Fig. 2.5-5 Effect of surroundings on the performance of PV panels on trailers  
(left: high elevation angle, right: low elevation angle) 

 

Given the promising results shown above and also given some challenges in relation to surrounding objects along 
routes, in the coming period IM Efficiency will further study possibilities, technical solutions and business cases for 
vertical solar panels on the sides of the trailer. Preliminary studies have indicated that the effectiveness of vertical 

solar panels on trailers, is about 50% of that of horizontal panels. Obviously this is highly dependent on the latitude, 
the route the truck-trailer drives, the locations the truck visits, the surroundings on those locations, the changeability 
of the weather and the date/time. Therefore, it will be essential to develop tools and methods to forecast the 

possible power and energy production during a journey ahead of the actual trip itself. 

Further studies will possibly be executed together with other partners of the newly started ASOM.solar, the 
Association of Solar Mobility [2]. 
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2.6 Summary  
PV-powered vehicles offer several benefits for users. In order to foresee the expected benefits, two case studies 

on PV-powered passenger vehicles and three case studies on PV-powered commercial vehicles and trucks were 
included in this chapter. 

As these case studies use different approaches and assumptions, the results shown are summarised as below. 

 

Case studies on PV-power ed passenger vehicles  

Detailed case studies of PV-powered passenger vehicles used in Japan and the Netherlands have identified and 

quantified benefits for on-board PV in terms of reduced lifetime CO2 emissions, lower operating costs, and 
decreased dependence on the grid. For a wide range of vehicles, use cases, and locations suggest that 800 �± 
1000 Wp of PV on a standard passenger car will provide benefits for most users as compared to electric vehicles 

without PV. These benefits can be increased with both technology development and optimized driver behaviours. 

The case study in Japan clarified that a PV-powered vehicle would produce environmental benefits, e.g. CO2 
reductions up to about 220 kg CO2-eq/year, compared to a conventional electric vehicle without PV, especially with 

longer driving distances, and that, however, 1 kW PV might be an excess capacity for shorter driving distances. In 
order to increase environmental benefits by PV-powered vehicles, it is necessary to increase the utilised PV 
electricity. In order to increase the utilised PV electricity, the optimised design of a PV-powered vehicle, such as its 

�3�9���F�D�S�D�F�L�W�\���Z�K�L�O�H���F�R�Q�V�L�G�H�U�L�Q�J���H�I�I�H�F�W�L�Y�H���V�R�O�D�U���L�U�U�D�G�L�D�W�L�R�Q���D�Q�G���Y�H�K�L�F�O�H���H�I�I�L�F�L�H�Q�F�\�����F�D�S�D�F�L�W�\���D�Q�G���H�I�I�L�F�L�H�Q�F�\���R�I���D���Y�H�K�L�F�O�H�¶�V��
battery and its operating condition will be required. It was also clarified that a PV-powered vehicle will decrease 
charging frequency and that in case of a shorter driving distance, the PV-powered vehicle will be free from electricity 

charging. This benefit will make the vehicle more attractive, even if the expected environmental benefits will be 
slight. 

The case study in the Netherlands showed that even with a relatively low total irradiation, PV-powered vehicles 

can make a significant impact on electric vehicles in the Netherlands. As PV and EVs become more efficient the 
impact will increase. It is also shown that driver behaviour, in the form of charging strategies and driving profiles, 
can have a measurable effect on the benefits of PV-powered vehicles. Up to 60% reduction in charging frequency 

can increase autonomy and a feeling of security for the EV driver. While CO2 emission reduction will depend on 
the carbon intensity of the local grid, current values in the Netherlands mean that there can be an effective CO2 
reduction of about 200 kg CO2-eq/year. Finally cost savings are shown up to 164 EUR/year based on household 

electricity prices, and are likely to be higher in practice as commercial EV charging rates are currently more 
expensive. It is noted that in order to have the most impact on cost savings and CO2 emissions, the energy 
generated by the PV should be maximally utilized. 

Based on these case studies, expected benefits of PV-powered passenger vehicles in IEA PVPS Task17 countries 
are estimated and included in Chapter 4.1. Additionally, the relationship between such expected benefits and 
utilisation ratio of PV electricity is further discussed. 

 

Case studies on PV-power ed commercial vehicles and trucks  

A second important use case is the deployment of on-board PV on electric commercial vehicles and trucks (diesel). 

A Case study in Germany focused on PV-powered light commercial electric vehicles. Based on the solar irradiance 
measurements on specific test routes, it was found that this side-to-roof ratio is about 40% on average. Also, it was 
estimated a total energy yield for the modules mounted on the roof and side (2 180 Wp in total) to be from 1 170 

kWh/a (Hamburg, Germany) to 2 210 kWh/a (Rome, Italy). In parallel, a life cycle assessment (LCA) of PV 
components, assuming production in China and integration in Germany, found that PV-powered vehicles can 
improve the carbon footprint for the case of an average shading factor of 30% and eight years of operation time. 

The emission factor of on-board generated PV electricity is to be 0,357 kg CO2-eq/kWh, and the average grid 
emissions for the operation time are expected to be 0,435 kg CO2-eq/kWh. The lower shading factor and the longer 
operation time result in greater environmental benefits. 
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A case study in Spain discussed the economic feasibility of PV-powered reefer trucks; PV integration on the roof 
of a refrigerated trailer. Fuel consumption in diesel engine trucks varies by a load, and costs for diesel differ 

according to the use such as driving and refrigeration. The economic feasibility of on-board PV depends on how to 
PV electricity is used, and how to substitute fuel and freight load, in addition to the cost and performance of PV. As 
an example, if the same diesel is used both for motion and refrigeration (0,75 EUR/l), considering that 75% of time 

the trucks travel in full load, the best cost payback time is estimated to be 3,62 years, very reasonable from the 
investment point of view. Based on the understandings, preliminary concepts for PV-powered heavy duty vehicles, 
especially trucks were indicated. 

A case study on PV-powered truck trailers in the Netherlands estimated PV electricity production on the tops and 
sides of semi-trailers. The considered system is composed of vertically oriented PV panels attached to the sides 
of a semi-trailer, and one horizontally oriented PV panel with similar size as one of the two vertically oriented PV 

panels. The preliminary studies indicated that the effectivity of vertical solar panels on trailers, is about 50% of that 
of horizontal panels. This is highly dependent on the latitude, the route the truck-trailer drives, the locations the 
truck visits, the surroundings on those locations, the changeability of the weather and the date/time. It will be 

essential to develop tools and methods to forecast the possible power and energy production during a journey 
ahead of the actual trip itself. 

These case studies have given a clear potential and substance of depth study regarding PV-powered trucks and 

trailers that have integrated PV systems. Taking into account the possible use of PV electricity for auxiliary demand, 
PV integration in trucks and trailers may be closer to realisation and coming into the market. Further research 
seems to be needed, especially in view of promoting more sustainable transport. 
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3. VEHICLE SOLAR IRRADI ANCE MEASUREMENTS 

In order to promote development and adoption of PV-powered vehicles, it is also necessary to understand the 

effects of the dynamic environment of the vehicle for optimal design of on-board PV energy generation systems. 
The amount of PV electricity generated on-board depends on factors such as available solar irradiance and 
temperature. The solar irradiance falling on a PV-powered vehicle depends on the specific location and direction 

during parking and driving. Additionally, the solar irradiance during use is always changing; due to the surrounding 
environment of the route, such as whether buildings, structures or foliage are shading or even reflecting light on 
the vehicle. In response to this situation, several different methodologies have been developed for measuring the 

real irradiance falling on vehicles. 

Table 3-1 shows measurement methods of TNO in the Netherlands, ISFH in Germany, University of Miyazaki in 
Japan, Bern University of Applied Sciences in Switzerland and UNSW in Australia. As shown in Chapter 2.2, TNO 

in the Netherlands have developed a four-point horizontal irradiance measurement that can capture dynamic 
shading events as shades quickly sweep across the vehicle while it is in motion. In Germany, ISFH has made fast, 
sub-microsecond irradiance measurements to evaluate the stability of maximum power point tracking algorithms 

during rapidly changing irradiance conditions experienced when in motion, as shown in Chapter 2.3. Besides, in 
Japan, preliminary measurements in Sapporo and Miyazaki were conducted by NEDO and continuously, the 
University of Miyazaki has made precise irradiance measurements on five planes, one horizontal and four vertical 

while the vehicle is in motion. This has enabled the irradiance available to different surfaces of the vehicle to be 
evaluated precisely for a couple of occasions. In Switzerland, Bern University of Applied Sciences has measured 
solar irradiance in five directions with five reference cells directly attached to the vehicle�¶�V���E�R�G�\�����)�X�U�W�K�H�U�P�R�U�H�����L�Q��

Australia, the UNSW has developed a low-cost solar irradiance data logger that has been developed to 
crowdsource data from passenger vehicles capturing real-world conditions experienced while driving and parking 
habits. 

Although, there has not yet been enough data collected to make generalisations on the characteristics of the solar 
irradiance experienced by a vehicle, this chapter overviews these approaches and some data measured. 

 

Table 3-1 Solar  irradiance me asurement of TNO in the Netherlands, ISFG in Germany , University of 
Miyazaki in Japan, Bern University of Applied Sciences in Switzerland and UNSW in Australia  

TNO, Netherlands ISFH, Germany 
Univ. of Miyazaki, 

Japan 

Bern University of 
Applied Sciences, 

Switzerland 
UNSW, Australia 

Four horizontal 
pyranometers and 
PV module on roof 

rack 

10 kHz irradiance 
measurements 

Five direction 
pyranometers on 
roof rack 

Five reference cells 
on two types of 
vehicles 

Low-cost, 
autonomous 
irradiance sensor 

installed on a large 
number of vehicles 

     

High fidelity 

irradiance 
measurements on 
horizontal plane. 

Partial and dynamic 
shading quantified 

High fidelity 

irradiance 
measurements with 
high temporal 

accuracy 

High fidelity 

irradiance 
measurements in 
all directions. 

High fidelity 

irradiance 
measurements in 
all directions. 

Crowdsourced 

irradiance and 
driving data under 
�µ�U�H�D�O-�Z�R�U�O�G�¶��

conditions, 
including parking 
behaviour 
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3.1 Solar irradiance measurements in the Netherlands and Germany  
Solar irradiance measurements in the Netherlands and Germany were described in Chapter 2.2 and Chapter 2.3, 

respectively. In this section, these approaches are summarised briefly. 

 

3.1.1 Solar irradiance measurements in the Netherlands  

In the Netherlands, a Vehicle Irradiance Test Setup (VITS) has been built by TNO, which collects GPS and 
temperature values at 1 Hz and irradiance on four locations on the �Y�H�K�L�F�O�H�¶�V roof at 100 Hz. The irradiance 
measurements have been validated by comparison with local weather station data and can be used to show the 

details of shading events. The collected data shows dynamic shading, driver profile and shading losses. The GPS 
data also allows precise analysis of shading events and where they occur. 

Although a quantitative analysis was not made in Chapter 2.2, the data also enables the investigation of shading 

events, which can reduce the output of the on-board PV; both when the vehicle is parked in the shade for a long 
time, but also when dynamic shading occurs during a drive. Instances of both effects are shown in Figs. 3.1-1 and 
3.1-2. 

 

  

Fig. 3.1-1 The irradiance tra ce (bottom left) shows that the sunlight measured on the vehicle is far below 

that measured by the weather station, further investigation of the GPS data confirms the vehicle was 
parked on the North side of a tall building.  (see Fig. 2.2-9) 

 

  

Fig. 3.1-2 Results from monitoring showing dynamic shading as a vehicle travels beneath an overpass  
(The vehicle is travelling at 120 km/h, the two dips in the irradiance trace (bottom left) occur as the vehicle goes 

under the two overhead roads.) (see Fig. 2.2-10) 
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3.1.2 Solar irradiance measurements in Germany  

In Germany, in order to assess time-averaged aspects such as the roof-to-side ratio of the irradiation, the solar 

irradiance on the roof and the side of a vehicle while driving was measured with very high time resolution. The used 
pyranometers are silicon based and have a spectral range of 400 nm to 1 100 nm and a response time lower than 
500 ns. They are directed to the left, right and upwards with respect to the direction of driving. The pyranometer 

was measured using an oscilloscope with a 10 kHz sampling rate. GPS was used to track the location and speed 
with a sampling rate of 1/s. 

The test route represents many different situations that can typically occur while driving in an urban environment 

with light commercial delivery vehicles. The route features sections with a high building density with narrow streets 
and low speed limit, as well as sections with medium wide streets such as alleys and wide streets with higher speed 
limit, such as city highways. The route was also chosen so there were about equally long sections in predominantly 

north-south (or south-north) direction as in predominantly east-west (or west-east) direction. 

As shown in Fig. 3.1-3, it was found that a ratio of irradiance on the side of the vehicle relative to the irradiance on 
the roof was about 40% in average. However, it can vary from 26% to 93%, heavily depending on the solar altitude, 

the weather conditions and the type of the street. The significantly higher side-to-roof ratio in winter at sunny 
weather due to low solar altitude and little diffuse light is noteworthy. 

The collected data provides not only information about the overall solar irradiance on the vehicle while driving, but 

the high sample rate also allows an analysis of the transient behavior of illumination. Fig. 3.1-4 exemplarily shows 
a 10-minute extract of the measured irradiance over time from 09/05/2019 (a sunny day). 

While these irradiation measurements on specific test routes provide valuable insights aspects such as roof-to-side 

ratio and transient shading, they are not directly generalizable for longer periods, other routes and different 
locations. This generalization will be addressed under the German project. 

 

 
Fig. 3.1-3 Average irradiance on the side of the vehicle  relative to the irradiance on the roof  (see Fig. 2.3-

3) 

 

 
Fig. 3.1-4 A 10-minute extract of the measured irradiance on the roof of the vehicle over time from 

09/05/2019, recorded between 13:00 and 14:00 UTC  (see Fig. 2.3-4) 
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3.2 Solar irradiance measurements in Japan  

3.2.1 A preliminary measurements of solar irradia nce of PV-powered vehicles  

3.2.1.1 Method of measuring solar irradiance  

As a preliminary study on a PV-powered vehicle�¶�V solar irradiance, the solar irradiance acquired by actual vehicles 
in motion was measured in Japan. The measurement was implemented at two locations, Sapporo City in Hokkaido 

���K�H�U�H�L�Q�D�I�W�H�U���� �V�L�P�S�O�\�� �³�6�D�S�S�R�U�R�´���� �D�Q�G�� �0�L�\�D�]�D�N�L�� �&�L�W�\�� �L�Q�� �0�L�\�D�]�D�N�L�� �3�U�H�I�H�F�W�X�U�H�� ���K�H�U�H�L�Q�D�I�W�H�U���� �V�L�P�S�O�\�� �³�0�L�\�D�]�D�N�L�´������ �7�K�H�V�H��
locations are positioned in the north and south of the Japanese archipelago that extends in the north-south direction. 

Table 3.2-1 shows the method for measuring solar irradiance. Note that since this is a preliminary study that 

precedes a full-scale investigation, to make effective use of existing equipment, there were some differences in 
measurement methods and measurement conditions between the two locations. 

Solar irradiance was measured at one position on the roof of a vehicle in Sapporo using three pyranometers that 

have different response speeds. In Miyazaki however, measurements were performed at a total of five positions 
which were the four sides of the vehicle, that is, the front, rear, right and left, in addition to the roof. The sampling 
interval of the measurement data was set at 0,1 seconds in Sapporo and at 1 second in Miyazaki. Measurement 

was conducted in the fall of 2018, and solar irradiance was measured three times a day (sometimes just once a 
day in Miyazaki) to investigate the influence of solar elevation. 

To examine the influence of the environment, a measurement route including an urban section, a high-rise section, 

and an open-air section was chosen. The measurement route in Sapporo also included an underpass section. 

 

Table 3.2 -1 Method of measuring solar irradiance of vehicles [1]  

Measurement 
Location 

Sapporo City, Hokkaido 
���Q�H�D�U���1�����ƒ�����¶�����(�������ƒ�����¶�� 

Miyazaki City, Miyazaki Prefecture 
���Q�H�D�U���1�����ƒ�����¶�����(�������ƒ�����¶�� 

Insolation 
Measurement 
Positions 

One (Horizontal irradiance on vehicle�¶�V 
roof) 

Five (Horizontal irradiance on vehicle�¶�V roof 
and four upper side surfaces of vehicle: on 
front, rear, left, and right sides) 

Pyranometer - Secondary standard (x1) 
- Second class (x1) 
- Silicon type (x1) 

- Second class (x5) 

Sampling Interval 0,1 seconds 1 second 
Measurement 
Period 

Mid-September to late October, 2018 Mid-September to early October, 2018 

Measurement 
Time of Day 

First run: around 08:15 to around 09:15 
Second run: around 11:15 to around 12:15 
Third run: around 14:15 to around 15:15 

First run: around 09:00 to around 10:00 
Second run: around 11:30 to around 12:30 
Third run: around 15:00 to around 16:00 

Measurement 
Route 

About 18km including the following: 
- Urban section 
- High-rise section 
- Open-air section 
- Underpass section 

About 30km including the following: 
- Urban section 
- High-rise section 
- Open-air section 

Insolation 
reference Point 

Japan Meteorological Agency (JMA), 
Sapporo Regional Headquarters 
- Kita 2-Jo Nishi 18-Chome, Chuo-ku, 

Sapporo 
- near N43°3,���¶�����(������°19,���¶ 
- Pyranometer type: secondary standard 
*Data produced as one-minute totals for 
every-second measurements (one-minute 
values of surface observation data 
produced by JMA) 

University of Miyazaki (National University 
Corporation) 
- 1-1 Gakuen Kibanadai-nishi, Miyazaki 
- near N31°�����¶�����(������°�����¶ 
- Pyranometer type: second class 
*Data produced as 10-second averages for 
data measured every second 

Measured by Japan Weather Association University of Miyazaki 
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3.2.1.2 Measurement results in Sapporo  

The measurement conditions used in Sapporo are shown in Table 3.2-2. In Sapporo, measurements were taken 

on five days between September 20, 2018 and October 22, 2018. Solar irradiance acquired by a vehicle is 
influenced by the shades of surrounding buildings and the like. Since it was assumed that this influence depends 
on solar elevation, measurements were taken three times a day at different time of day. 

To identify the fall in solar irradiance due to shades and the like, comparisons were performed with the insolation 
at a reference point (JMA Sapporo Regional Headquarters). Since it was assumed that this fall would also be 
affected by irradiance components (whether direct solar irradiance or diffuse solar irradiance), measurement was 

performed on both fine and cloudy days. 

 

Table 3.2-2 Measurement dates and weather in Sapporo [1]  

Date of measurement Route 

Weather 
First run 

(around 8:15 to 
around 9:15) 

Second run  
(around 11:15 to 

around 12:15) 

Third run 
(around 14:15 to 

around 15:15) 
Sep. 20, 2018 

(Thursday) 
Clockwise Sunny Sunny Clear 

Sep. 25, 2018 (Tuesday) Anticlockwise Slightly cloudy Slightly cloudy Cloudy 

Sep. 28, 2018  
(Friday) 

Clockwise 
Sunny,  
partly cloudy 

Cloudy, 
occasionally 
scattered showers 

Cloudy, 
occasionally 
scattered showers 

Oct. 19, 2018  
(Friday) 

Anticlockwise Very clear Clear Clear 

Oct. 22, 2018 (Monday) Clockwise Clear Clear Clear 
 

As examples of measurement results, Figs. 3.2-1 to 3.2-3 show the measurement results of the first to third runs 

on September 20, 2018 (Day 1). 

In urban sections and high-rise sections, solar irradiance fell and fluctuated due to the shades of buildings and 
trees along the road, with this especially frequent in high-rise sections. Even in open-air sections, solar irradiance 

sometimes fell due to the shades of buildings, trees, and power poles along the road. Although the fall in solar 
irradiance due to the shades of buildings, trees, and the like may be smaller than the influence of clouds in terms 
of cumulative solar irradiance over a certain period, the variations in solar irradiance that occur on a vehicle�¶�V roof 

have a characteristic of occurring at extremely short cycles and with a large range of fluctuation. In urban sections 
and high-rise sections, solar irradiance sometimes exceeded the solar irradiance at the reference point, and it is 
thought that this could be due to an increase in acquired insolation caused by reflections from buildings. 

Looking at the characteristics according to time of day, shades from buildings, trees, power poles, and the like 
occur in urban sections, high-rise sections, and partly in open-air sections, causing a fall in solar irradiance. During 
the second run (when the sun is substantially due south), the solar elevation is high, which means that the 

frequency of falls in solar irradiance due to shades is low. The range of fluctuations in solar irradiance though is 
larger. During the first and third runs when the solar elevation is low, solar irradiance falls frequently due to shades, 
but when the sun is oriented close to the direction of the road (i.e., the direction of travel), shades that affect solar 

irradiance are produced less frequently. 
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Fig. 3.2-1 September 20, 2018 (Day 1) in Sapporo: Measurement results for solar irradiance during the 

First run [1]  

 

  

Fig. 3.2-2 September 20, 2018 (Day 1) in Sapporo: Measurement results for solar irradiance during the 
Second run [1]   
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Reference Second 
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Silicon 
type

Secondary 
standard

Day1 �ÇFirst run [0.0 to 5.0km]

Urban section 1 High-rise section 1

Underpass section Urban 
section 2 Open-air section (east)

Reference Second 
class

Silicon 
type

Secondary 
standard

Underpass sectionIntermittent shadows by buildings Influences by reflection, possibly

Day 1 �ÇFirst run [5.0 to 10.0km]

Open-air section (east) Open-air section (west)

Open-air section (east)

Reference Second 
class

Silicon 
type

Secondary 
standard

Shadow by power poleShadows by trees Influences by clouds

Day 1 �ÇFirst run [10.0 to 15.0km]

Open-air section (east) Urban section 3

High-rise section 2

Reference Second 
class

Silicon 
type

Secondary 
standard

Measurement result of 
first passing

Influences by clouds Influences by clouds

Day 1 �ÇFirst run [15.0 to 17.69km]

Influences by buildings and trees

High-rise section 2 Urban section 1
Reference Second 

class
Silicon 
type

Secondary 
standard

Day 1 �ÇSecond run [0.0 to 10.0km]
Urban section 1 High-rise section 1

Underpass section Urban 
section 2 Open-air section (east)

Reference Second 
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Silicon 
type

Secondary 
standard

Open-air section (east) Open-air section (west) Open-air section (east)

Reference Second 
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Silicon 
type

Secondary 
standard

Day 1 �ÇSecond run [10.0 �ø17.69km]

Open-air section (east) Urban section 3 High-rise section 2

H”HˆHcH–H™HyHzHrH™H€HšHtH“Hy
HxH”HvH™
H|HnHˆH›

HzHrH™H|HšH”Hl
HyH|H™H|HšHlH€Hš

Reference Second 
class

Silicon 
type

Secondary 
standard

High-rise section 2 Urban section 1

H”HˆHcH–H™HyHzHrH™H€HšHtH“Hy
HxH”HvH™
H|HnHˆH›

HzHrH™H|HšH”Hl
HyH|H™H|HšHlH€Hš

Reference Second 
class

Silicon 
type

Secondary 
standard
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Fig. 3.2-3 September 20, 2018 (Day 1) in Sapporo: Measurement results for solar irradiance during the 
Third run [3]  

 

Table 3.2-3 shows the ratio between total solar irradiance in every section (measured with a secondary standard 
pyranometer) and irradiance at the reference point for the measurement results on Day 1 to Day 5. 

On fine days, there was a tendency for a ratio of around 50% on the first and third runs and 70% on the second 
run. On cloudy days, the ratio was over 70% irrespective of time of day. This is thought to be due to cloudy days 
having a low solar intensity and a low amount of direct solar irradiance that could be shaded by buildings or the 

like. 

 

Table 3.2-3 Measurement results for solar irradiance in Sapporo (Comparison with reference: Sum mary) 

(Pyranometer: Secondary standard)[1]  

 First run 
(around 8:15 to 

around 9:15) 

Second run 
(around 11:15 to 

around 12:15) 

Third run 
(around 14:15 to 

around 15:15) 
Day 1 Sep 20, 2018 Weather Sunny Sunny Clear 
  Irradiance on vehicle�¶�V roof 308,0 Wh/m2 462,5 Wh/m2 264,6 Wh/m2 
  Reference irradiance 564,2 Wh/m2 666,4 Wh/m2 462,2 Wh/m2 
  Vehicle roof/reference 54,6% 69,4% 57,2% 
Day 2 Sep 25, 2018 Weather Slightly cloudy Slightly cloudy Cloudy 
  Irradiance on vehicle�¶�V roof 323,1 Wh/m2 336,9 Wh/m2 143,2 Wh/m2 
  Reference irradiance 444,5 Wh/m2 469,3 Wh/m2 196,8 Wh/m2 
  Vehicle roof/reference 72,7% 71,8% 72,8% 
Day 3 Sep 28, 2018 Weather Sunny,  

partly cloudy 
Cloudy, 

occasionally 
scattered 
showers 

Cloudy, 
occasionally 

scattered 
showers 

  Irradiance on vehicle�¶�V roof 410,6 Wh/m2 204,6 Wh/m2 120,4 Wh/m2 
  Reference irradiance 546,8 Wh/m2 214,3 Wh/m2 222,3 Wh/m2 
  Vehicle roof/reference 75,1% 95,5% 54,2% 
Day 4 Oct 19, 2018 Weather Clear Clear Clear 
  Irradiance on vehicle�¶�V roof 231,5 Wh/m2 430,6 Wh/m2 121,1 Wh/m2 
  Reference irradiance 451,3 Wh/m2 598,1 Wh/m2 270,3 Wh/m2 
  Vehicle roof/reference 51,3% 72,0% 44,8% 
Day 5 Oct 22, 2018 Weather Sunny Clear Clear 
  Irradiance on vehicle�¶�V roof 198,4 Wh/m2 317,3 Wh/m2 117,2 Wh/m2 
  Reference irradiance 382,7 Wh/m2 528,0 Wh/m2 232,0 Wh/m2 
  Vehicle roof/reference 51,8% 60,1% 50,5% 

Day 1 �ÇThird run [0.0 to 10.0km]

Urban section 1 High-rise section 1

Underpass section
Urban 

section 2 Open-air section (east)

H”HˆHcH–H™HyHzHrH™H€HšHtH“Hy
HxH”HvH™
H|HnHˆH›

HzHrH™H|HšH”Hl
HyH|H™H|HšHlH€Hš

Reference Second 
class

Silicon 
type

Secondary 
standard

Open-air section (east) Open-air section (west)

Open-air section (east)

H”HˆHcH–H™HyHzHrH™H€HšHtH“Hy
HxH”HvH™
H|HnHˆH›

HzHrH™H|HšH”Hl
HyH|H™H|HšHlH€Hš

Reference Second 
class

Silicon 
type

Secondary 
standard

Day 1 �ÇThird run [10.0 to 17.69km]

Open-air section (east) Urban section 3 High-rise section 2

H”HˆHcH–H™HyHzHrH™H€HšHtH“Hy
HxH”HvH™
H|HnHˆH›

HzHrH™H|HšH”Hl
HyH|H™H|HšHlH€Hš

Reference Second 
class

Silicon 
type

Secondary 
standard

High-rise section 2 Urban section 1

H”HˆHcH–H™HyHzHrH™H€HšHtH“Hy
HxH”HvH™
H|HnHˆH›

HzHrH™H|HšH”Hl
HyH|H™H|HšHlH€Hš

Reference Second 
class

Silicon 
type

Secondary 
standard
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3.2.1.3 Measurement results in Miyazaki  

The measurement conditions in Miyazaki are shown in Table 3.2-4. In Miyazaki, measurements were taken on four 

days between September 13, 2018 and October 1, 2018. Solar irradiance acquired by a vehicle is influenced by 
the shades of surrounding buildings and the like. Since it was assumed that this influence depends on solar 
elevation, measurements were taken three times a day in different time of day on two out of the four days. 

To identify the fall in solar irradiance due to shades and the like, comparisons were performed with the insolation 
at a reference point (the rooftop of a University of Miyazaki building). The insolation and solar elevation at the 
reference point on the date of measurement are shown in Fig. 3.2-4, as well as for the vehicle�¶�V roof and side 

surfaces (the average of four directions). 

 

Table 3.2-4 Measurement dates in Miyazaki [1]  

Date of Measurement Route 
First run 

(around 9:00 to 10:00) 

Second run 
(around 11:30 to 

12:30) 

Third run 
(around 15:00 to 

16:00) 
Sep. 13, 2018 (Thu.) Anticlockwise �¥ �¥ �¥ 
Sep. 16, 2018 (Sun.) Anticlockwise �¥ �¥ �¥ 
Sep. 22, 2018 (Sat.) Anticlockwise - �¥ - 
Oct. 1, 2018 (Mon.) Anticlockwise - �¥ - 

 

<Sep. 13, 2018> 

 

<Sep. 16, 2018> 

 

<Sep. 22, 2018> 

 

<Oct. 1, 2018> 

 

Fig. 3.2-4 Solar irradiance at University of Miyaz aki (reference point) [1]   

 

Table 3.2-5, Fig. 3.2-5 and Fig. 3.2-6 show the measurement results for solar irradiance on the vehicle�¶�V roof and 

vehicle�¶�V sides (the value for the sides is an average of four directions) in the urban section (residential area) on 
September 16, 2018 (Day 2). Although the measurement periods were short at two to four minutes, vehicle�¶�V roof 
solar irradiance relative to irradiance at the reference point was high at 92,0% in the morning (9:40-9:42) (First run) 

and 83,6% at midday (12:17-12:21) (Second run), which shows that there was little loss due to the shades of 
buildings, trees, and power poles along the road. On the other hand, the ratio was rather low at 62,5% during the 
afternoon (15:48-15:51) (Third run). 

As shown in Fig. 3.2-5, there were large falls in solar irradiance for 30 to 40 seconds during 12:20 to 12:21 and 
15:49 to 15:51, resulting in reduced ratios to the reference. Although this is thought to be caused by the shades of 
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buildings, when the vehicle is stopped at an intersection or the like, the effect of shades will continue for several 
tens of seconds. 

Fig. 3.2-6 shows measurement results of the solar irradiance on the sides of the vehicle. The timing at which the 
falls in solar irradiance were observed were the same as for the roof of the vehicle. When the vehicle is driving on 
a south-to-north road, insolation is high on the east side (mainly the left side of the vehicle) in the morning, the 

south side (mainly the front of the vehicle) at midday, and the west side (mainly the right side of the vehicle) in the 
afternoon, with a characteristic that solar irradiance is a similar level to the vehicl�H�¶�V roof in the morning and 
afternoon. The average solar irradiance in the four directions was 35% of the �Y�H�K�L�F�O�H�¶�V���U�R�R�I in the morning, 25% at 

midday, and around 67% in the afternoon. 

 

Table 3.2-5 Measurement results for solar irradiance of vehicle roof in urban section on September 16, 

2018 in Miyazaki [1]  

Measurement 
time of day 

Vehicle�¶�V roof 
irradiance 

(vehicle-roof) 

Side irradiance 
(average of four 

sides) 

Irradiance at 
reference 

(rooftop: fixed) 

Ratio of vehicle�¶�V roof 
irradiance to reference 

9:40 �± 9:42 23 Wh/m2 8 Wh/m2 25 Wh/m2 92,0% 
12:17 �± 12:21 51 Wh/m2 13 Wh/m2 61 Wh/m2 83, % 
15:48 �± 15:51 15 Wh/m2 10 Wh/m2 24 Wh/m2 62, % 

 

  

Fig. 3.2-5 Measurement results for solar 
irradiance of vehicle �¶�V roof in urban section on 

September 16, 2018 in Miyazaki [1]   

Fig. 3.2-6 Measurement results for solar 
irradiance of vehicle �¶�V roof in urban section on 

September 16, 2018 in Miyazaki [1]   

 

Tables 3.2-6 and 3.2-7 show the measurement results for the solar irradiance on the vehicle�¶�V roof and sides (the 
value for the sides is the average in four directions) in the high-rise section and open-air section. 

In the high-rise section (commercial buildings and downtown area), although the measurement periods were short 

at two to four minutes, vehicle�¶�V roof insolation relative to insolation at the reference point was 73,9% in the morning 
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(9:22-9:24) (First run), 63,1% at midday (11:58-12:02) (Second run), and 58,8% in the afternoon (15:29-15:33) 
(Third run). 

In the open-air section, the vehicle�¶�V roof solar irradiance relative to insolation at the reference point was extremely 
high at 95,2% in the morning (9:05-9:07) (First run) and 96,7% at midday (11:31-11:35) (Second run). 

Table 3.2-8 shows solar irradiance on the vehicle�¶�V roof and side surfaces (the value for the side surfaces is an 

average of four directions) for all sections of travel and the ratios with the irradiance at a reference point. The values 
are cumulative solar irradiance for a route including an urban section, a high-rise section, and an open-air section.  

The weather was fine on Day 2 (September 16, 2018), if a little cloudy in the afternoon. Day 1 (September 13, 

2018) was very cloudy, with very little solar irradiance in the afternoon. Out of these two days, the ratio of the solar 
irradiance to irradiance at the reference point was 87,5% to 92,4% for the vehicle�¶�V roof on the second day, so only 
slightly lower than the reference point. On the first day, solar irradiance on the vehicle�¶�V roof exceeded the reference 

point. Regarding the solar irradiance on the side surfaces of the vehicle, the ratio was higher on the first day. 
Although there is the possibility that there were different cloud conditions between the reference point and the route 
of travel, the presence of less direct irradiance and more diffuse irradiance is also believed to be a factor. In addition, 

the ratio with the reference point was lower on the second run (at midday) compared to the morning and afternoon. 
It is presumed that the greater difference on the second day was due to a difference in solar elevation. 

Regarding the measurement of solar irradiance at midday, it was cloudy on Days 1 and 3 but fine on Days 2 and 

4. On Days 2 and 4, there were falls in solar irradiance (short period fluctuations) that would appear to be shades 
of buildings, trees, power poles, and the like along the road, but the ratio of solar irradiance on the vehicle�¶�V roof to 
the reference point was 87,5% and 92,0% on the two days, indicating that there was little loss due to shades. There 

were also times where the solar irradiance on the vehicle�¶�V roof exceeded the insolation at the reference point. 
There is the possibility that this was due to reflections from surrounding buildings and the like, but since the 
conditions may have differed between the reference point and the route of travel, it is not possible to make any 

definite judgment on this. The solar irradiance on the vehicle�¶�V sides was below 30% of the reference point on Days 
2 and 4 when the weather was clear. There was also a tendency that when the ratio of the solar irradiance on the 
vehicle�¶�V roof to the irradiance at the reference point was low, the ratio for the vehicle�¶�V sides was also low. 

 

Table 3.2-6 Measurement results for solar irradiance of vehicle roof in high -rise section on September 16, 
2018 in Miyazaki [1]  

Measurement 
time of day 

Vehicle roof 
irradiance 

(vehicle-roof) 

Side irradiance 
(average of four 

sides) 

Irradiance at 
reference 

(rooftop: fixed) 

Ratio of vehicle roof 
irradiance to reference 

9:22 �t 9:24 17 Wh/m2 7 Wh/m2 23 Wh/m2 73,9% 
11:58 �t 12:02 48 Wh/m2 13 Wh/m2 76 Wh/m2 63,1% 
15:29 �t 15:33 20 Wh/m2 11 Wh/m2 34 Wh/m2 58,8% 
 

Table 3.2-7 Measure ment results for solar irradiance of vehicle roof in open -air section on September 16, 

2018 in Miyazaki [1]  

Measurement 
time of day 

Vehicle roof 
irradiance 

(vehicle-roof) 

Side irradiance 
(average of four 

sides) 

Irradiance at 
reference 

(rooftop: fixed) 

Ratio of vehicle roof 
irradiance to reference 

9:05 �t 9:07 20 Wh/m2 10 Wh/m2 21 Wh/m2 95,2% 
11:31 �t 11:35 58 Wh/m2 16 Wh/m2 60 Wh/m2 96,7% 
15:04 �t 15:08 41 Wh/m2 20 Wh/m2 33 Wh/m2 124,2% 
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Table 3.2-8 Measurement results for solar irradiance in Miyazaki (Co mparison with reference: Summary) 
[1]  

 First run 
(around 9:00 to 
around 10:00) 

Second run 
(around 11:30 to 

around 12:30) 

Third run  
(around 15:00 to 

around 16:00) 
Day 1 Sep. 13, Vehicle�¶�V roof solar irradiance 404 Wh/m2 393 Wh/m2 88 Wh/m2 
 2018 Vehicle�¶s side surface solar 

irradiance  
169 Wh/m2 146 Wh/m2 36 Wh/m2 

  Irradiance at reference point 346 Wh/m2 329 Wh/m2 51 Wh/m2 
  Vehicle roof/reference  114,3% 118,2% 180,0% 
  Vehicle sides/reference 48,8% 44,4% 70,6% 
Day 2 Sep. 16, Vehicle�¶�V roof solar irradiance 617 Wh/m2 775 Wh/m2 450 Wh/m2 
 2018 Vehicle�¶�V side surface solar 

irradiance  
258 Wh/m2 205 Wh/m2 243 Wh/m2 

  Irradiance at reference point 659 Wh/m2 879 Wh/m2 459 Wh/m2 
  Vehicle roof/reference  92,4% 87,5% 91,8% 
  Vehicle sides/reference 39,2% 23,3% 52,9% 
Day 3 Sep. 22, Vehicle�¶�V roof solar irradiance 

- 

578 Wh/m2 

- 

 2018 Vehicle�¶�V side surface solar 
irradiance  

203 Wh/m2 

  Irradiance at reference point 613 Wh/m2 
  Vehicle roof/reference  95,1% 
  Vehicle sides/reference 33,1% 
Day 4 Oct. 1, Vehicle�¶�V roof solar irradiance 

- 

804 Wh/m2 

- 

 2018 Vehicle�¶�V side surface solar 
irradiance  

248 Wh/m2 

  Irradiance at reference point 867 Wh/m2 
  Vehicle roof/reference  92,0% 
  Vehicle sides/reference 28,6% 

 

3.2.1.4 Characteristics of sola r irradiance  of vehicle  

The solar irradiance on a vehicle�¶�V roof and on a vehicle�¶�V side surfaces has the following characteristics. 

 

 [Horizontal solar irradiance  on v ehicle �¶�V roof]  

- Shades are caused by buildings, trees, power poles, and the like along the road, so that compared to 
the reference point, solar irradiance falls in corresponding locations and sections. 

- Shades occur by buildings frequently in high-rise sections and intermittently in urban sections. Although 
infrequent, shades also occur in open-air sections. 

- Due to shades from buildings and the like, fluctuations in insolation occur in extremely short cycles 

(several hundred W/m2 in 0,1 seconds). 

- Although the solar intensity has a similar level to the reference point in sections with no shades, there 
is a fall of around 50 to 100 W/m2 in sections where shades occur, with the range of fluctuations in solar 

irradiance increasing as solar elevation increases. 

- The fall in cumulative solar irradiance depends on the length of the period where shades occur. This 
was longest in the high-rise section and shortest in the open-air section, with the urban section in 

between. 

- Although the buildings along the road may cast shades across the entire vehicle�¶�V roof, shades 
produced by trees and power poles do not cover the entire roof and correspond to partial shading. 
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- The occurrence of shades on the vehicle largely depends on the relationship between the direction of 
the road (the direction in which the vehicle travels) and the orientation of the sun, and when these 

almost match, the influence of shades is small, even in a high-rise section. 

- The occurrence of shades on the vehicle caused by buildings along the road is thought to be influenced 
by road width and the lane in which the vehicle is traveling. 

- In high-rise sections and urban sections, solar irradiance on the vehicle may exceed irradiance at the 
reference point. It is believed that solar irradiance may increase due to reflections from buildings along 
the road. 

 

[Insolation on the v ehicle �¶�V���Vides]  

- Shades are by buildings, trees, and power poles along the road, and as with the roof of the vehicle, 

there is a fall in solar irradiance in corresponding locations and sections. 

- Solar irradiance and the occurrence of shades on the vehicle greatly depend on the relationship 
between the solar orientation and the direction of the road. Surfaces that face the orientation of the sun 

(one or two out of the front, rear, left, and right of the vehicle) are hardly affected by shades of buildings 
and the like along the road, but other surfaces will receive no direct solar irradiance and irradiance is 
low. 

- The surface(s) where insolation is high will change as the direction in which the vehicle is traveling 
changes. 

- Although the average value (per square meter) of solar irradiance in the various directions is less than 

the vehicle�¶�V roof, the solar irradiance of the surface facing the sun may exceed the solar irradiance on 
the vehicle roof when the solar elevation is low. 

- In high-rise sections and urban sections, it is believed that solar irradiance increases due to reflections 

from buildings along the road. In open-air sections also, it is believed that solar irradiance increases 
due to reflections from the surroundings. 

 

Data on solar irradiance acquired by a vehicle is a first step or gateway toward the use of PV in automobiles and 
is vital information for evaluating the significance and effect of mounting a PV system. It is also important for the 
design and operation of a control system for using generated power as power for driving the vehicle. 

This preliminary study, a trial that measured the solar irradiance of a vehicle, was conducted at limited locations 
and times, and has therefore produced fragmentary data. Although it would not be appropriate to make 
generalizations on the characteristics of the solar irradiance acquired by a vehicle or to conduct quantitative 

evaluations into the expected level of generated power from only the results given here, the following 
characteristics and trends were observed as indicated above. 

- Shades of buildings, trees, power poles, and the like occur, causing a fall in solar irradiance in affected 

locations and sections. 

- Shades by a building or the like may cover an entire surface, such as the vehicle�¶�V roof, or may only 
partially shade the surface. 

- Due to reflections from buildings and the like, the solar irradiance by a vehicle in some locations and 
sections may exceed the insolation on a roof or rooftop of a building. 

- Fluctuations in solar irradiance due to shades and reflections often occur with very short cycles (less 

than 0,1 seconds). 
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3.2.2 High fidelity irradiance measurements in all directions  

As a preliminary study on solar irradiance of a PV-powered vehicle, the solar irradiance acquired by actual vehicles 

in motion was measured in Japan. The measurement was implemented at two locations, Sapporo City in Hokkaido 
���K�H�U�H�L�Q�D�I�W�H�U���� �V�L�P�S�O�\�� �³�6�D�S�S�R�U�R�´���� �D�Q�G�� �0�L�\�D�]�D�N�L�� �&�L�W�\�� �L�Q�� �0�L�\�D�]�D�N�L�� �3�U�H�I�H�F�W�X�U�H�� ���K�H�U�H�L�Q�D�I�W�H�U���� �V�L�P�S�O�\�� �³�0�L�\�D�]�D�N�L�´������ �7�K�H�V�H��
locations are positioned in the north and south of the Japanese archipelago that extends in the north-south direction. 

The shading influence that frequently degrades the output of the solar panels on the �Y�H�K�L�F�O�H�¶�V��roof or the �Y�H�K�L�F�O�H�¶�V 
side is complicated and varies by the position and the relative orientation (to the sun position) of the panel. In the 
case of the �Y�H�K�L�F�O�H�¶�V roof PV, the location (orientation) of the panel cannot be predicted. One practical approach is 

to rely on the probability model, supposing that some statistical model randomly distributes the distribution of height 
and density of the shading objects, and the orientation of the vehicle is independent and random as well. Another 
approach is to monitor the solar irradiance around the vehicle in three-dimensionally [2].  

For a definition of the angle of the solar irradiance and module orientation, the reference axis should be local to the 
automobile [3]. Each axis moves by the movement of the vehicle and is independent of the orientation of the sun. 
On the other hand, the relative position is unchanged, and thus a linear coordinate conversion dynamically 

synchronized to the location, direction, and speed of the vehicle, monitored by a GPS, handles this situation [4]. 
The coordinate is an orthogonal one (Fig. 3.2-7). 

 

 

Fig. 3.2-7 Three-dimensional irradiance a round the �Y�H�K�L�F�O�H�µ�V body [2]  

 

The advantage of the monitoring solar irradiance in the local axis of the vehicle, using five pyranometers are: 

1. Direct indication of the solar irradiance for the PV panels on the �Y�H�K�L�F�O�H�¶�V��roof and �Y�H�K�L�F�O�H�¶�V��side(s) 

2. Shading detection by comparison with the information of the direction by comparison of four monitored 
irradiances on the side(s) of the vehicle 

3. Three-dimensional solar resource monitoring, including the angular distribution of the solar resource on the 

�Y�H�K�L�F�O�H�¶�V��roof that is essential to the characterization of the curved module. 
4. Secured validation of the performance model and solar irradiance model for the vehicle integrated PV by the 

check of more than two orthogonal axes using the monitored data in five orthogonal directions. 

The measurement system consists of five pyranometers mounted on the �Y�H�K�L�F�O�H�¶�V roof, along with a GPS; thus, it 
could be moved on the road. The pyranometer axes Qx+, Q�[�í, Qy+, Q�\�í, and Qz are defined, as shown in Fig. 3.2-7. 
One pyranometer is placed horizontally on the veh�L�F�O�H�¶�V roof (Qz), and four pyranometers are placed vertically 

facing each side of the vehicle (Qx+, Q�[�í, Qy+, Q�\�í). The global irradiance onto the �Y�H�K�L�F�H�¶�V roof (Iz) is measured 
using a pyranometer Qz. The global irradiance onto the sides of the vehicle (Ix+, I�[�í, Iy+, I�\�í) are measured using 
pyranometers Qx+, Q�[�í, Qy+, Q�\�í. The direction of the moving vehicle is equal to that of Qy+. An ambient temperature 

meter (Pt 100 temperature sensor) is also placed on the vehicl�H�¶�V roof. The GPS is incorporated into the data 
logger, and data are recorded in 1 s intervals. The total number of hours of sun radiation (more than 10 W/m2 in Iz) 
received over the year was 3 374 h, while the number of hours the vehicle was running was approximately 6% of 

this [2]. 

To acquire a dataset for comparison, a conventional static irradiance measurement system with a pyrheliometer, 
a tracking pyranometer mounted onto a sun tracker, a horizontal pyranometer, and two vertical pyranometers facing 

eastward and westward was installed at the University of Miyazaki, Japan (31°�����µ�� �1���� ������°�����µ�� �(������ �7�K�H���H�O�H�Y�D�W�L�R�Q��
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angle and azimuth angle of the sun�¶�V position are calculated based on the conventional method, including the day 
angle, declination angle, time equation, hour angle, latitude, and longitude [2]. 

The city of Miyazaki, Japan, is one of the capitals of local government in Japan (Miyazaki prefecture) with a 
population of approximately 200 000. Thus, this area contains an urban zone, a residential district, and a rural 
district. In a way, it may be a representative zone in the solar environment (shading frequency and shading height). 

We did not constrain the driving course of the one-year monitoring of the solar irradiance on the vehicle, but the 
most frequent driving course of this vehicle is shown in Fig. 3.2-8 since it was used for commuting between the 
University �R�I���0�L�\�D�]�D�N�L���D�Q�G���W�K�H���G�U�L�Y�H�U�¶�V���U�H�V�L�G�H�Q�F�H�� 

 

 

Fig. 3.2-8 The most frequent driving course of the dynamic solar irradiance measurement in the vehicle  
[2].  

 

The typical monitored result of the route in Fig. 3.2-8 is shown in Fig. 3.2-9 (clear sky day) with comparison to the 
global horizontal irradiance (GHI) of fixed pyranometers (mounted on a roof of one of the buildings of the University 
of Miyazaki). 

 

 

Fig . 3.2-9 Monitored result of the solar irradiance on the �Y�H�K�L�F�O�H�µ�V roof and �Y�H�K�L�F�O�H�µ�V sides in the driving 
route in Fig. 3.2-8 [2].  

 

In the region of the open-air section, the solar irradiance on the �Y�H�K�L�F�O�H�µ�V roof is almost identical to the GHI by the 
fixed pyranometers. However, that of other areas had frequent dips in the irradiance on the vehicle. The timestamp 

and position data taken by GPS confirmed that these are because of the shading effects by buildings and mountains. 
The �Y�H�K�L�O�H�µ�V roof irradiance often exceeded GHI. It is also confirmed because of the reflectance of the structures 
[2]. 
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The above model was compared with the one-year observation result of the solar irradiance on the vehicle, 
including seasonal (monthly) fluctuation. After fitting to the measurement irradiance dataset, the fitted average 

shading height is 18,7° in the direction along the road (local axis) and 12,3° in the direction orthogonal to the road 
(local axis), and 15,5° as the average. The averaged shading height after data fit was 15,5°, and it is very close to 
the value of the rough physical measurement (15° on average). The average reflectance from the road is also fit 

to the measured data and obtained as 0,088, also a reasonable value for aged asphalt (typical value is 0,07). The 
annual ratio of the solar irradiance on the �Y�H�K�L�F�O�H�¶�V��roof relative to GHI (Global horizontal irradiance) was 0,925 
(both modeled and measurement), and that of the �Y�H�K�L�F�O�H�¶�V��side was 0,412 (both modeled and measurement) [2]. 

The validation is also done by a one-month integration (seasonal fluctuation). The model met the modeled values 
in every month (Fig. 3.2-10). The trend of the residual errors could be explained by the difference in climate from 
the regular year (for example, cloudy in summer) [2]. 

 

 

Fig. 3.2-10 Monthly -based comparison between the measured solar  irradiance around the vehicle  (bar 
chart) and modeled (typical year from the METPV -11 solar database, namely, MEteorological Test data for 

PhotoVoltaic system) solar irradiance on the vehic le (line -chart): (a) �Y�H�K�L�F�O�H�µ�V roof irradiance; (b) 
�Y�H�K�L�F�O�H�µ�V side irradiance [2].  

 

Assuming that the density and height distribution of the shading objects are the same to that of Miyazaki, Japan, 
namely the average shading height is about 15,5°, it may be possible to anticipate the energy yield of the VIPV in 
various area in the world; which is useful to predict the merits of the introduction of solar-driven vehicles. 

Fig. 3.2-11 indicates the map of the practical solar resource on the �Y�H�K�L�F�O�H�µ�V roof normalized to the GHI, affected 
by climate conditions. They are calculated using the METPV-ASIA solar irradiance database. Due to the shading 
impact and curved surface, the practical solar resource for the �Y�H�K�L�F�O�H�µ�V roof is less than the typical installation. 

The rough value may be 3/4 of the GHI. 

Generally speaking, both the shading impact and curve impact increases with the decrease of the sun height, 
namely, increasing the latitude. However, both the curve-correction factor and effective solar resource on the 

�Y�H�K�L�F�O�H�µ�V roof normalize to GHI (including the loss by the curved surface), do not show a strong correlation to 
latitude (thus sun height), and unlike other typical solar resource parameters, is affected by local meteorological 
conditions. Also, note that both the curve-correction factor and the effective solar resource relative to GHI are 

strongly influenced by the distribution (both special and height) of shading objects. 

 



Task 17 PV and Transport  �± State-of-the-Art and Expected Benefits of PV-Powered Vehicles 

113 

 

Fig. 3.2-11 Map of the effective solar irradiance for the �Y�H�K�L�F�O�H�µ�V roof: (a) c urve -correction factor in a 
typical �Y�H�K�L�F�O�H�µ�V roof; (b) effective solar resource to the �Y�H�K�L�F�O�H�µ�V roof normalized to GHI, including the 
loss by the curved surface; (c) correlations between latitude (related to the sun height) and the curve 

correction facto r; (d) correlations between latitude (related to sun height) and the effective solar resource 
to the �Y�H�K�L�F�O�H�µ�V roof normalized to GHI, including the loss by the curved surface [2].  
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3.3 Solar irradiance measurements in Switzerland  

3.3.1 Measurement of the irradiance on a Nissan Leaf  

Solar irradiance was measured on all sides of a Nissan Leaf in 2020. The estimated useful surface for mounting 
PV on the vehicle is 5,3 m2 and obtains 3-6 kWh/day on average from April to June, with an estimated module 
efficiency of 20%. 

3.3.1.1 Method  

In total, five mono-crystalline reference cells have been mounted on five different sides of the Nissan Leaf: one on 
the hood, on the roof, on both side panels and one on the rear of the vehicle. Mono-crystalline, 5-inch cells from 

JA Solar were used, which provide an efficiency of 20%. Setting up the measurement system, the cells in our sun-
simulator were calibrated using 500 W/m2. 

Furthermore, two temperature loggers were installed, one beneath the cell on the vehicle�¶�V��roof for measuring cell 

temperature and one beneath the spoiler in the rear for the logging of the ambient air-temperature. The data is 
collected using a Campbell Scientific CR1000X Logger which was connected to a 12 V battery inside the vehicle. 

For reference irradiance levels, �W�K�H���%�)�+�¶�V longtime-measurement system was used on a building right next to the 

vehicle�¶�V��parking lot at the campus. It measures global horizontal irradiance using a pyranometer. The location of 
the vehicle is logged using a GPS sensor from Garmin (GPS 18x). A measurement frequency of 1 Hz was used.  

Fig. 3.3-1 shows the Nissan Leaf on the parking spot of BFH in Burgdorf, exposing one of the mounted reference 

cells on the vehicle�¶�V��right-hand side panel. 

 

 

Fig. 3.3-1 Nissan Leaf with one of the reference cells on the right -side panel  

 

Most of the time the vehicle is parked in the parking lot of Tiergarten Campus in Burgdorf. It is an open space 
parking place which gets a lot of sun during the day. Fig. 3.3-2 shows the parking lot and exact place where the 

vehicle is usually parked. The vehicle is usually parked facing northeast, as the plug for charging is integrated in 
its front. 
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Fig. 3.3-2 Position of the parking lot at BFH in Burgdorf, where the measured Nissan Leaf is usually 

parked  

3.3.1.2 Results  

For every cell mounted on the vehicle a certain surface has been defined on which it would be possible to mount 

PV panels. The five surfaces cover a total surface of 5,3 m2 on the vehicle. To estimate the amount of generated 
electricity a cell-efficiency of 20% has been defined for the mounted PV panels. Fig. 3.3-3 shows some of the 
�G�H�I�L�Q�H�G���³�D�F�W�L�Y�H�´��surfaces. 

 

 

Fig. 3.3-3 Examples of defined surfaces apt to mount PV panels on  

 

Fig. 3.3-4 shows an example of the diurnal irradiance levels of all irradiance sensor on the parked vehicle on a very 
sunny day in April. Here, the latitude of Burgdorf is: 47°3�¶21�.́ The sensor on the rear of the vehicle (G5) shows the 

highest irradiance levels, as it is perfectly exposed to the sun and has a steep inclination of about 45°. The sensor 
on the hood (G1) shows very low irradiance levels as it is facing northeast with an inclination of around 10°. Some 
shading on the vehicle in the morning and in the evening can be observed. 

 

Position of parked vehicle 

Direction the vehicle is 
facing when parked 
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Fig. 3.3-4 Diurnal variations of irradiance levels on April 14th, 2020 [W/m 2]. 

 

The measured irradiance levels were combined with the corresponding surfaces to calculate the possible energy 
yield. Fig. 3.3-5 shows the yield that has been measured so far on each surface of the vehicle (assuming 20% cell-
efficiency and no conversion losses for battery charging, etc.). 

 

Fig. 3.3-5 The measured energy yield on each surface of the vehicle  in kWh/day and per surface  

 

Fig. 3.3-6 shows the same data, but the energy yield of the sum of all measured surfaces. The record yield so far 
has been measured in May and June, showing an output of 6,5 kWh in one day. A very sunny April provided more 

than 4 kWh/day on average. A Nissan Leaf has a mileage of around 17 kWh/100km and would therefore do 38 km 
for free with 6,5 kWh/day of sunshine on May 29th and around 23 km/day during a sunny April. 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

[k
W

h/
da

y]

G1_hood G2_roof G3_left G4_right G5_rear



Task 17 PV and Transport  �± State-of-the-Art and Expected Benefits of PV-Powered Vehicles 

117 

 

Fig. 3.3-6 Total energy yie ld per day (cell -efficiency: 20 %, 5.3 m2 in total) on Nissan Leaf  

 

The yield of the defined surfaces on the vehicle is also compared with the theoretical yield which would be obtained 

using the reference-measurement-data: the global horizontal irradiance (GHI) up-scaled to the same surface          
(5,3 m2) has been defined for the vehicle�����,�W���F�D�Q���E�H���G�H�V�F�U�L�E�H�G���K�R�Z���P�X�F�K���V�X�Q�O�L�J�K�W���L�V���L�Q�F�L�G�H�Q�W���R�Q���D���³�E�R�[-�O�L�N�H�´���V�X�U�I�D�F�H��
compared to a horizontal surface. The ratio between GHI and the sum of the measured irradiance on the vehicle 

is around 70%. A decline to around 60% towards the newest data can be seen. Fig. 3.3-7 shows the development 
of the vehicle / GHI �± ratio over time. 

 

 

Fig. 3.3-7 Ratio between  the measured Global Horizontal Irradiance and the sum of the measured 

irradiance on the Nissan Leaf (GHI normalized to the �Y�H�K�L�F�O�H�¶�V surface of 5.3 m 2) 
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3.3.1.3 Findings  

The irradiance measurements on the Nissan Leaf lead to interpretable results but also shows limiting aspects for 

interpretation. The energy yield of PV panels mounted on a vehicle is highly dependent on its parking spot. In this 
case, the vehicle �K�D�V���Y�H�U�\���J�R�R�G���V�X�Q���H�[�S�R�V�X�U�H���G�X�U�L�Q�J���W�K�H���Z�K�R�O�H���G�D�\�����,�W�¶�V���U�D�U�H�O�\���D�I�I�H�F�W�H�G���E�\���V�K�D�G�L�Q�J���I�U�R�P���W�U�H�H�V���R�U��
other buildings. Nevertheless, it can be stated that its surface gets around 70% of the irradiance a flat area of the 

same extent would receive. Of course, this value needs to be confirmed in the months to come as it appears to 
differ with the position of the sun throughout the year. 

It is stated, that in summer months, an EV with PV on a large part of its surface might be able to commute (average 

commuting distance in Switzerland is 35 km) on its own generated electricity on sunny days. The best days 
measured so far showed energy yields of around 6,5 kWh/day which correspond to a driving distance of around 
38 �N�P���R�Q���D���1�L�V�V�D�Q���/�H�D�I�����7�K�L�V���Q�X�P�E�H�U���Q�H�H�G�V���W�R���E�H���W�U�H�D�W�H�G���Z�L�W�K���F�D�U�H�����D�V���L�W���G�R�H�V�Q�¶�W���L�Q�F�O�X�G�H���F�R�Q�Y�H�U�V�L�R�Q���D�Q�G���F�K�D�U�J�L�Q�J��

losses from the battery. 

 

3.3.2 Measurement on an ele ctric Rikscha  

In July 2020, irradiance measurements on a cargo tricycle from Rikscha Taxi Schweiz AG began. This company is 
working in city logistics with electrically assisted cargo bikes in the city of Bern. The same measurement concept 
as the Nissan Leaf above was applied as a different user case. The measured vehicle is on the road five days a 

week for about five to six hours per day and needs a lot less energy per km. Fig. 3.3-�����V�K�R�Z�V���W�K�H���³�5�L�N�V�F�K�D���7�D�[�L�´��
used for analyzing and measuring in July and August 2020. 

 

 

Fig. 3.3-8 The «Rikscha Taxi» with a cargo box showing the left irradiance sensor.  

 

3.3.2.1 Method  

The measurement method for the Rikscha is basically the same as described in the previous section (3.3.1), except 
that the power source for the logger is �F�R�P�L�Q�J���I�U�R�P���W�K�H���Y�H�K�L�F�O�H�¶�V�������9-plug. In addition, the energy consumption for 
charging the batteries of the Rikscha during two weeks in August has also been measured. The measurements for 

the irradiance levels have been carried out from July 13th to August 31st, 2020. For reference irradiance levels 
measurement data from a weather station in the city center of Bern was used. It measures global horizontal 
irradiance using a pyranometer. The location of the weather station and of the logistics center where the Rikschas 

operate from is shown in Fig. 3.3-9. It also shows the irradiance levels recorded on the roof of the Rikscha on 
August 17th, 2020. The mean operational time of the Rikscha was 5,8 hours per day. It usually started operating at 
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around 8 �R�¶�F�O�R�F�N���L�Q the morning. When not in operation, the Rikscha was parked in a garage underground with the 
logger disconnected from power. The Rikscha is powered by an exchangeable battery with a capacity of 2,3 kWh. 

The battery swap is usually done around midday, when the vehicle is loaded for another run at the logistics center. 

 

 

Fig. 3.3-9 Map of Bern with the GPS -track of the Rikscha on the 17 th of August 2020 showing different 

�L�U�U�D�G�L�D�Q�F�H���O�H�Y�H�O�V���R�I���V�H�Q�V�R�U���³�*���´���R�Q���W�K�H���U�R�R�I���R�I���W�K�H���F�D�U�J�R���E�R�[ 
(The two red arrows point at the positions of the weather station and the logistics centre of Rikscha Taxi Schweiz 

AG) 

 

For every cell mounted on the Rikscha, a certain surface has been defined on which it would be possible to mount 
PV panels. The five surfaces cover a total surface of 5,065 m2 on the Rikscha. To estimate the amount of generated 

electricity a quote from �³�6�R�O�E�L�D�Q���(�Q�H�U�J�L�H���$�O�W�H�U�Q�D�W�L�Y�H���V�U�O���´���L�Q���,�W�D�O�\��was requested �± they produce lightweight semi-
flexible and highly efficient modules for mobile application. Although the cells used in the modules have an 
efficiency of 24%, an average efficiency of 15-16% was only obtained per surface used. In total,793 Wp can be 

fitted on the Rikscha�¶�V���V�X�U�I�D�F�H. Table 3.3-1 shows power, area and efficiency per surface. 

 

Table 3.3-1 Power an d efficiency per surface (G1 -G5) 

Surface Module Power [Wp] Area [m2] Efficiency of whole surface 

G1 Drivers roof 65 0,42 15,5% 

G2 Roof of cargo box 156 1,00 15,6% 

G3 Left 234 1,44 16,3% 

G4 Right 234 1,44 16,5% 

G5 Back doors 104 0,77 13,5% 

Sum 793 5,07 15,7% 

 

Logistics centre of the Rikscha 
Taxi Schweiz AG 

Position of the weather station 
from Meteoschweiz 
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3.3.2.2 Results  

Fig. 3.3-11 and 3.3-12 show two examples of the diurnal irradiance measured by the weather station (GHI) and the 

five sensors (G1-G5) on 27th July 2020 and 13th of August 2020. GPS-tracks were also generated for every day 
the Rikscha was on duty (example shown on Fig. 3.3-9). Unfortunately, the possibilities to make proper use of 
these has not been realised until now. 

 

 

Fig. 3.3-11 Diurnal variations of irradiance levels on July 27 th, 2020 [W/m 2] 

(Data measurement (G1-G5) in the morning: not available) 

 

 

Fig. 3.3-12 Diurnal variations of irradiance levels on August 13 th, 2020 [W/m 2]  
(Data measurement (G1-G5) after 16:00: are not available) 

 

Fig. 3.3-13 shows the energy yield of the sum of all measured surfaces. The record yield so far has been measured 
on August 27th with an output of 1 kWh in one day. The mean value of the generated energy per day was 0,48 

kWh/day. Compared with the daily consumed energy which is 2,09 kWh/day on average, as shown in Fig. 3.3-14, 
the PV system on the Rikscha could cover less than 25% of the daily energy consumption. Fig. 3.3-15 shows the 
measured daily values of both consumed and generated energy by the Rikscha from August 12th to August 31st. 
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Fig. 3.3-13 Generated energy per day in kWh broken  down by sensor G1 -G5 (area = 5,1 m 2 & 15,6% 
module efficiency )  

 

 

Fig. 3.3-14 Daily generated PV energy and consumed energy   
(the energy for battery charging has been measured.) 

 

Fig. 3.3-15 shows the hourly averaged irradiation on all measured days of the roof sensor (G2). An orange or yellow 
square means that the average measured irradiance during that hour was between 500 and 800 W/m2. If the 
squares are dark blue, a minimum hourly average of 100 W/m2 was recorded. It is visible, for example, that on the 

dates July 15th, 2020, July 24th, 2020 and August 3rd, 2020, weak irradiation conditions were measured. This is 
visible with all sensors. It is also visible that the average irradiation between 11 a.m. and 2 p.m. is higher than 
during the other times of day. 
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Fig. 3.3-15 Hourly averaged irradiation of the roof sensor on all measured days (G2) 

 

3.3.2.3 Findings  

With an average of only 5,8 operational hours a day (on weekdays) and being parked inside a garage the rest of 
the day, the generated daily PV-energy will be very low. The ratio between the measured Global Horizontal 
Irradiance and the sum of the measured irradiance on the Nissan Leaf (GHI normalized to the �Y�H�K�L�F�O�H�¶s surface of 

5,3 m2) is around 0,7 on average, while the same ratio is around 0,21 for the Rikscha. This corresponds to less 
than one third of the ratio the Nissan Leaf obtains. The Rikscha uses just a fraction of the available irradiance due 
to the fact it is parked in the dark most of the time. This happens not only when it is not in use but also when it is 

unloading delivery and loading new packages (to be seen on Fig. 3.3-12 at around 13:00 and again at 14:30). If 
the Rikscha was in operation the whole day or parked outside, when not operating, it would generate much more 
PV-energy.  

This �P�H�D�Q�V�����W�K�D�W���L�I���5�L�N�V�F�K�D���7�D�[�L���6�F�K�Z�H�L�]���$�*���G�H�F�L�G�H�V���W�R���E�X�L�O�G���D���S�U�R�W�R�W�\�S�H���R�I���D���³�6�R�O�D�U���5�L�N�V�F�K�D�´���W�K�H�\���V�K�R�X�O�G���O�R�R�N���I�R�U��
a way the Rikscha can spend more time outside. The type of application for PV on EVs is crucial. Whether it is 
worth to use PV on vehicles depends �Y�H�U�\���P�X�F�K���R�Q���Z�K�H�U�H���W�K�H���Y�H�K�L�F�O�H���L�V���S�D�U�N�H�G���Z�K�H�Q���L�W�¶�V���Q�R�W���L�Q���X�V�H�����2�Q�H���X�V�H�U���F�D�V�H��

�I�R�U���W�K�H���³�6�R�O�D�U���5�L�N�V�F�K�D�´���Z�R�X�O�G���E�H���W�R���X�V�H���L�W���D�V���D���W�D�[�L�����,�W���F�R�X�O�G���E�H���Z�D�L�W�L�Q�J���I�R�U���F�X�V�W�R�P�H�U�V���R�Q���V�T�X�D�U�H�V���D�Q�G���S�X�E�O�L�F���S�O�D�F�H�V��
which often offer some sunny spots. 

 

3.3.3 Outlook  

The measurements on the Nissan Leaf will be continued until the end of 2020, in order to make statements on the 
possible energy yields and driving distances on solar power throughout the year. The measured values to standard 

irradiance levels measured in the past 20 years in order to eliminate statistical deviances will also be normalized. 
And finally, an economic analysis of a PV-system for vehicles will be made. 
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3.4 Solar irradiance m easurements in Australia  
The concept developed at UNSW for vehicle irradiance measurements is shown in Fig. 3.4-1 where a fleet of 

vehicles (passenger vehicles, public buses and trucks) are equipped with irradiance sensors that send the data 
they measure to a central database over the mobile data network. The irradiance sensor (Solar Jinie, EnerJIN Pty), 
measures irradiances from 0 - 1 200 W/m2 with 20 W/m2 accuracy, location is also measured via GPS and achieves 

autonomous operation in Sydney (average irradiance 5 kWh/m2/day) using a 3 W silicon solar panel. The irradiance 
sensor is presently being deployed on a number of vehicles in Australia; here, two case studies where it has been 
deployed are reported on. 

 

 

Fig. 3.4-1 Solar irradiance concept developed by UNSW, Australia  
(Solar irradiance is measured from vehicles and sent via mobile data network to a central database.) 

 

The first trial of the irradiance sensor involved a return journey from UNSW in Sydney to the ITP Battery Test 
Centre in Canberra in February 2020 which, in Australia, corresponds to mid-summer. The round-trip is shown in 
Fig. 3.4-2(a) measuring a total of 568 km on a day with mixed irradiance conditions throughout. The journey was 

undertaken in a Tesla Model S electric vehicle that averaged 6,25 km/kWh over the journey. The irradiance 
measured is shown in Fig. 3.4-2(b) which integrates to a daily total of 5,4 kWh/m2 falling on the vehicle during that 
journey. While this EV is a conventional commercially battery electric vehicle, a solar range for this journey of                       

30 km if 4 m2 of the vehicle were covered with 22 % PV modules has been estimated.  

 

 

Fig. 3.4-2 (a) Vehicle route from Sydney to Canberra, mostly on open country roads with a clear view of 
�W�K�H���V�N�\�������E�����7�K�H���L�U�U�D�G�L�D�Q�F�H���P�H�D�V�X�U�H�G���R�Y�H�U���W�K�H���G�D�\�������F�����7�K�H���µ�6�R�O�D�U���-�L�Q�L�H�¶���L�U�U�D�G�L�D�Q�F�H���V�H�Q�V�R�U used to measure 

the irradiance  
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�)�U�R�P���$�S�U�L�O�������������X�S���W�R���W�K�H���W�L�P�H���R�I���Z�U�L�W�L�Q�J�����$�X�J�X�V�W���������������D�Q���L�U�U�D�G�L�D�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W���W�U�L�D�O���L�Q���0�H�O�E�R�X�U�Q�H�����$�X�V�W�U�D�O�L�D�¶�V��
second largest city has been conducted on a private passenger vehicle. The period of measurement reported here 

coincides with the autumn and winter in Australia and during two lockdown periods due to the COVID-19 pandemic, 
so the data reported here is not representative of normal driving patterns but serves to illustrate the efficacy of this 
measurement. Driving conditions are mainly on wide open boulevards in the city suburban regions, depicted in Fig. 

3.4-3(a), the annual average irradiance in Melbourne is 5 kWh/m2/day. The Solar Jinie irradiance sensor takes 
measurements every minute during daylight hours, the dataset of over 64 000 datapoints is summarised in Fig. 
3.4-3(b) where each red spot indicates an irradiance measurement, with the size of the spot indicating the 

magnitude of the irradiance.   

 

 

Fig. 3.4-3 (a) Photographs of typical driving conditions on sub -urban stre ets and boulevards in 
Melbourne. (b) Map of S.E.Melbourne showing irradiance measurements made, the size of each datapoint 

represents the irradiance value  

 

During the period of measurement, the GPS data shows that the vehicle drove an average of 25 km per day on 
short trips, rarely exceeding 10 km. The vehicle was parked for 97% of the time and was housed in a garage when 

unused. In this particular example, the irradiance falling on the vehicle represents one of the most pessimistic case 
since the vehicle only received solar irradiance when it was being used, away from the home (and during a virus 
pandemic with restrictions on mobility). Fig. 3.4-4(a) shows a histogram of all the measurements made during 

daylight hours. The vast majority of the irradiance measurements are zero since the vehicle was parked in a garage. 
The remaining data appears to follow a roughly linear trend on this log-linear scale, indicating that the irradiance 
available to this vehicle can be approximated by a single exponential relationship. The total irradiance measured 

on this vehicle amounts to 0,35 kWh/m2/day. Further detail is presented in Fig. 3.4-4(b) where all irradiance values 
measured while the vehicle is stationary are plotted, excluding those when the irradiance is zero. 80% of the solar 
irradiance was collected while the vehicle was parked with the majority at irradiances below 200 W/m2. The 

irradiance levels experienced while moving shown in Fig. 3.4-4c were found to be marginally higher with a mean 
value of 136 W/m2 vs 127 W/m2 when stationary.   
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Fig. 3.4-4 Irradiance histograms showing (a) total irradiance measured including when parked in a garage 
(log scale), (b) irradiance measured when the vehicle is stationary but not dark and (c) irradiance 

measured while the ve hicle is moving, again excluding al l measurements made in darkness  

 

In summary, two initial vehicle irradiance surveys have been carried out at UNSW Sydney. In the case of a long 
road trip, a total of 5,4 kWh/m2 was estimated to fall on the vehicle during the journey that is estimated to add 30 

km of solar range to that journey. Long term monitoring of a passenger vehicle during the autumn and winter in 
Melbourne (and during a period of restricted mobility due to the COVID-19 pandemic) showed that the vehicle was 
parked 97% of the time and that 80% of the irradiance falling on a passenger vehicle took place while the vehicle 

was stationary.  
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3.5 Summary  
In this chapter, approaches for measuring the real irradiance falling on vehicles in some organisations/countries 

were overviewed. Although there has not yet been enough data collected to make generalisations on the 
characteristics of the solar irradiance, each approach showed varying results and from these, a few trends and 
similarities were found. 

A preliminary studies in Japan, which was conducted at limited locations (Miyazaki city and Sapporo city) and times, 
observed the following characteristics and trends: 

�x Shades of buildings, trees, power poles, and the like occur, causing a decrease in solar irradiance in 

affected locations and sections 
�x Shade from a buildings �R�U���W�K�H���O�L�N�H���P�D�\���F�R�Y�H�U���D�Q���H�Q�W�L�U�H���V�X�U�I�D�F�H�����V�X�F�K���D�V���W�K�H���Y�H�K�L�F�O�H�¶�V���U�R�R�I�����R�U���P�D�\���R�Qly 

partially shade the surface 

�x Due to reflections from buildings and the like, the solar irradiance by a vehicle in some locations and 
sections may exceed the insolation on a roof or rooftop of a building 

�x Fluctuations in solar irradiance due to shades and reflections often occur with very short cycles (less than 

0,1 seconds) 

�)�O�X�F�W�X�D�W�L�R�Q�V���L�Q���V�R�O�D�U���L�U�U�D�G�L�D�Q�F�H���R�Q���Y�H�K�L�F�O�H�¶�V���U�R�R�I were observed by measurements in the Netherlands and Germany, 
as well. S�R�O�D�U���L�U�U�D�G�L�D�Q�F�H���R�Q���W�K�H���Y�H�K�L�F�O�H�¶�V���U�R�R�I��during driving relative to GHI will range from 50% to 90%, e.g. from 

high-rise section to urban and open-air sections. Such a wide range indicates that it is currently difficult to make 
generalizations on the characteristics of the solar irradiance on vehicles and more data is needed as it will depend 
highly on the location. A ratio of roof-to-side measured in Miyazaki was from 30% to 50%, averagely 40%, which 

was relatively close to the measured ratio in Germany.  

Measurements in Burgdorf, �6�Z�L�W�]�H�U�O�D�Q�G���I�R�X�Q�G���W�K�D�W���D���Y�H�K�L�F�O�H�¶�V���U�R�R�I��gets around 70% of the irradiance a flat area of 
the same extent would receive. This value needs to be confirmed in the months to come as it appears to differ with 

the position of the sun throughout the year. Also, in this case, the vehicle has very good sun exposure during the 
whole day. In the case of another vehicle, which is parked in the dark most of the time, the ratio was around 21%. 
This result means a �Z�R�U�W�K���W�R���X�V�H���3�9���R�Q���Y�H�K�L�F�O�H�V���G�H�S�H�Q�G�V���R�Q���Z�K�H�U�H���W�K�H���Y�H�K�L�F�O�H���L�V���S�D�U�N�H�G���Z�K�H�Q���L�W�¶�V���Q�R�W���L�Q���X�V�H�� 

In Australia, two initial vehicle irradiance surveys have been carried out. In the case of a long road trip from Sydney 
do Canberra, a total of 5,4 kWh/m2 was estimated to fall on the vehicle during the journey that is estimated to add 
30 km of solar range to that journey. Long term monitoring of a passenger vehicle during the autumn and winter in 

Melbourne (and during a period of restricted mobility due to the COVID-19 pandemic) showed that the vehicle was 
parked 97% of the time and that 80% of the irradiance falling on a passenger vehicle took place while the vehicle 
was stationary. 

In addition to the impact of environmental shading, the impact of the inherent curvature of on-board PV increases 
with the decrease of the sun height, namely, increasing the latitude. However, the model-based study in Japan 
found that both the curve-correction factor and effective solar resource to the ve�K�L�F�O�H�¶�V roof, normalized to GHI, do 

not show a strong correlation to latitude, and, unlike other typical solar resource parameters, is more affected by 
local meteorological conditions. Also, both the curve-correction factor and the effective solar resource relative to 
GHI, are strongly influenced by the specific distribution of shading objects. 

More irradiance measurements are needed in order to more accurately quantify the possible energy yields and 
driving distances on solar power throughout the year in specific locations and driving routes. Additionally, within 
the data set, measured values need to be normalized to standard irradiance levels measured in the past decades 

in order to eliminate statistical deviances. 

Data on solar irradiance acquired by a vehicle is a first step or gateway toward the use of PV in automobiles and 
is vital information for evaluating the significance and effect, as well as optimal design, of an on-board PV system. 
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4. NEXT STEPS FOR REALISING PV-POWERED VEHICLES 

This report overviewed recent trends of PV-powered vehicles in the world, and discussed expected benefits of PV-

powered vehicles and measurement of solar irradiance on vehicles. Although more and more PV-�S�R�Z�H�U�H�G���Y�H�K�L�F�O�H�V�¶ 
projects are identified over time, further actions will be necessary to realise practical deployment of PV-powered 
vehicles.  

In this chapter, as the most impressive findings coming from this report, potential benefits of PV-powered passenger 
vehicles are discussed. Also, as important issues for realising PV-powered vehicles, standardisation of solar 
irradiance and module design, and combination with PV-powered infrastructures are discussed preliminary. Finally, 

conclusions and the way forward are described. 

 

4.1 Potential benefits of PV -powered vehicles  
This section shows potential benefits of PV-powered passenger vehicles in the IEA PVPS Task 17 member 
countries, based on the approaches at Chapters 2.1 and 2.2. As discussed in these chapters, the degree of 
expected benefits depends on various conditions, especially utilisation ratios of PV electricity generated on-board. 

Relations between expected benefits and utilisation ratios of PV electricity are also discussed. 

 

4.1.1 Expected benefits in IEA PVPS Task 17 countries  

The IEA PVPS Task 17 member countries are shown in Table 4.1-1 and Fig. 4.1-1. 

They are mostly confined to the Northern Hemisphere, but with a variety of latitudes representing a range of 
climates and range of expected energy production from photovoltaics. The solar resource in kWh/m2/year for the 

locations is shown in Fig. 4.1-2, and this can be translated directly to expected PV energy production. The largest 
solar resource values are seen in Rabat, Morocco and Canberra, Australia, followed by Madrid, Spain and Beijing, 
China. The smallest solar resource is in Amsterdam, the Netherlands. 

 

Table 4.1-1 IEA PVPS Task 17 member  countries  (as of March 2021)  

Australia, Austria, China, France, Germany, Japan, Morocco, the Netherlands, Spain, and Switzerland 

 

 

Fig. 4.1-1 IEA PVPS Task  17 member countries i n red  
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Fig. 4.1-2 PV potential - Annual Global Horizontal Irradiation of the capital cities of Task  17 countries  [1]   

 

The household electricity prices [2] and the carbon intensity of the local grid [3], are shown for all Task 17 locations 
in Fig. 4.1-3. It shows that Australia, Morocco and China have the highest carbon intensity, and that Switzerland 
and France have very low carbon intensities. Germany has the highest price for household electricity, and China 

the lowest. These differences are related to the potential impact that a PV-powered vehicle would have in each of 
the locations and can be seen in the results of the simulations. 

 

 

Fig. 4.1-3 Comparison of Household electricity prices and carbon intensity of electricity generation of 
Task  17 countr ies   

(These values are used as input to the Energy Flow model to determine cost and CO2-eq savings for each 
location for a PV-powered vehicle [2][3]) 

 

Based on the methodologies used in Chapter 2.2, simulations have been done to quantify the impact of VIPV for 
the other Task 17 member countries, using the long -range vehicle and the 15 km simple commute driving profile 
as the base case. The reduction in charging frequency, PV contribution and utilisation, CO2 emissions and solar 

kilometres travelled in a year have been examined. The carbon intensity of the local grid and local electricity prices 
used in the simulations are shown in Fig. 4.1-3. The value for the embedded CO2 in the PV is based on the same 
values used in Chapter 2.2, where it is assumed that the PV has been manufactured in China, as this will be the 

case for most countries1.  

As shown in Fig. 4.1-4, the total and relative reduction in charging frequency for the different locations is directly 
related to the amount of PV energy generated, a small secondary effect is the ambient temperature at the different 

locations which has an impact on the vehicle/battery efficiency and is included in the model. However, as can be 
seen in Fig. 4.1-5, the total kWh needed is very similar for each location. In the locations with very high PV 

                                                           

1 The results shown in this section for Tokyo differ from the results reported in Chapter 2.2. There, the PV is assumed to be 

manufactured in Japan rather than China, with a different embedded CO2 value; and a 30% shading factor has been assumed 

reducing the amount of PV energy generated. 
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generated energy the utilisation is lower. In these cases, the PV makes a significant contribution to the required 
energy (the green bar is much larger than the grey bar). However, more energy is generated by the PV than can 

be absorbed by the battery or used by the vehicle with the 15 km simple commuting profile. Therefore the utilisation 
is very low. 

 

 

Fig. 4.1-4 Comparison of total charging frequency  for the l ong -range vehicle (left axis) and the relative 
reduction in char ging frequency  (right axis), for the simple 15  km commute profile and all T ask 17 

locations  
(Without PV the number of charging frequency are very similar. With PV the locations with higher irradiance, 
Canberra, Madrid and Rabat see the largest reduction in charging frequency as the PV contributes more to 

driving energy.) 

 

 

Fig. 4.1-5 The total kWh utilised for driving divided into Grid and PV charging is shown on the left axis, 
the right axis shows the percentage of generated PV energy that has been utilis ed for all T ask 17 

locations, the long -range vehicle and the s imple 15  km commute profile  

(The locations with the largest PV contribution can also have lower utilisation as the battery, in some cases, is 
unable to absorb all the generated PV energy.) 

 

As shown in Figs. 4.1-6 and 4.1-7, the CO2-eq emissions are very different for each location. The combination of 
high carbon intensity and high PV generated energy mean that Canberra, Beijing, and Rabat have the largest CO2-
eq emissions without PV and the largest net CO2-eq savings with PV. Bern, Switzerland and Paris, France have 

very low carbon intensity grids, and because of this they have a net increase in CO2-eq emissions due to the 
embedded CO2 in the PV element. They still have benefits in terms of more nearly 80% reduction in charging 
frequency and financial savings. 
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Fig. 4.1-6 Comparison of CO 2 emissions for each location with and without PV  
(The locations with the lowest local grid carbon intensity, Bern and Paris, both have no CO2 benefit from the 800 

Wp PV on the long-range vehicle for the simple 15 km commute driving profile.) 

 

 

Fig. 4.1-7 Net CO2 savings per location for the simple 15  km commu te driving profile and the long -range 
vehicle  

(Bern and Rabat show a negative value due to their already clean grid power.) 

 

Fig. 4.1-8 shows the number of kilometres that are travelled each year in each location purely on energy from the 

PV. This result is based on the contribution of the PV generated energy to the total required energy seen in Fig. 
4.1-5. It shows that in the high irradiance countries PV-powered vehicles can travel more than 6 000 km/year on 
PV. With higher efficiency electric vehicles this number will increase.  

 

 

Fig. 4.1-8 Total distance travelled using PV energy in one year by location , for the simple 15  km commute 

and the l ong -range vehicle  

 

4.1.2 Discussion on expected CO 2 reduction by PV -powered vehicles  

As shown in the previous section, PV-powered vehicles will be able to contribute to CO2 reduction compared to 
conventional electric vehicles without PV, although the degree of CO2 reduction will depend upon the driving 
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patterns and the carbon intensity of the local grid. This should be a promising benefit produced by PV-powered 
vehicles. 

However, it should be noted that if the carbon intensity of PV electricity (kg-CO2/kWh) is greater than that of grid 
electricity, a PV-powered vehicle will not realise CO2 reduction compared to a conventional electric vehicle. In 
addition, even if the expected carbon intensity of PV electricity, supposing that all electricity generated could be 

used effectively, is less than that of grid electricity, a lower utilisation ratio of PV electricity or an excess PV capacity 
may cause an increase in CO2 emission. 

In this section, the expected CO2 reduction by PV-powered vehicles will be discussed comprehensively. 

 

4.1.2.1 CO2 emission of PV electricity  

In general, CO2 emission due to PV electricity is shown in Fig. 4.1-9, dividing the life cycle CO2 emissions by the 

electricity generated during the lifetime of the PV. 

Life cycle CO2 emissions will be mainly dominated by the manufacturing process, and the emission by 
manufacturing process will depend on the manufacturing site. The main reason is that PV manufacturing processes, 

including purifying and refining semiconductor materials, require a lot of electricity and the CO2 emissions caused 
by the electricity used at the site, provided from grid, will be different by region or country. 

Electricity generated by PV during its lifetime will depend on solar irradiance, the performance ratio and the length 

of lifetime. Higher solar irradiance, higher performance ratio and a longer lifetime will result in smaller net CO2 
emissions from the PV electricity. 

 

 

Fig. 4.1-9 CO2 emission of PV electricity  

 

In the case of PV electricity for on-board PV (PV-powered vehicle), compared to conventional stationary PV 
systems, the expected solar irradiance may become small because of shading, the expected performance ratio 
may become small because of battery charging/discharging loss, and expected lifetime may be short because the 

�Y�H�K�L�F�O�H�¶�V�� �O�L�I�H�W�L�P�H�� �P�D�\�� �E�H�� �V�K�R�U�W�H�U�� �W�K�D�Q��the �3�9�¶�V�� �W�H�F�K�Q�R�O�R�J�L�F�D�O�� �O�L�I�H�W�L�P�H���� �7�K�H�U�H�I�R�U�H���� �L�W�� �L�V�� �H�[�S�H�F�W�H�G�� �W�K�D�W�� �H�O�H�F�W�U�L�F�L�W�\��
generation by an on-board PV system will be less and CO2 emission by an on-board PV system will be greater 
than a conventional stationary PV system. 

CO2 emissions from on-board PV per kWh is calculated as shown in Fig. 4.1-10. Instead of expected electricity 
generation during the lifetime shown in Fig. 4.1-9, PV electricity effectively used for a vehicle during its lifetime 
should be taken into account. The PV electricity used for the vehicle is estimated by considering the expected on-

board PV electricity generation during the �Y�H�K�L�F�O�H�¶�V���O�L�I�H�W�L�P�H���D�Q�G��the utilisation ratio of PV electricity for vehicle. 

 

 

Fig. 4.1-10 CO2 emission of PV electricity on -board, e.g. PV on a PV-powered vehicle  
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Fig. 4.1-11 shows an image of the relationship between CO2 emissions of the PV generated electricity normalised 
to the 100% PV utilisation and the utilisation ratio of PV electricity. Compared to the 100% utilisation ratio, meaning 

that all electricity is used effectively, the CO2 emissions at the 50% utilisation ratio is doubled. At 20% utilisation 
ratio, it is five times bigger, and at the 10% utilisation ratio the CO2 emissions have increased by a factor of 10 
compared to the 100% utilisation ratio. Therefore, when estimating the CO2 emissions of PV-powered vehicles and 

comparing them with the CO2 emissions of grid charging, �L�W�¶�V���Q�H�F�H�V�V�D�U�\ to pay attention to the utilisation ratio of 
PV electricity. 

 

 

Fig. 4.1-11 Image of relations between CO 2 emission s by PV electricity and utilisation ratio of PV 

electricity  

 

4.1.2.2 Reduction of CO2 emissions by PV-powered vehicles  

Fig. 4.1-12 also shows an image of the relationship between the CO2 emission from PV electricity generated on-
board and that from grid electricity (or a charging station). An environmental benefit (CO2 reduction) from a PV-
powered vehicle will be realised when the CO2 emissions from the PV electricity is less than the CO2 emission from 

the grid. On the other hand, if CO2 emissions by PV electricity are greater than grid electricity, because of a lower 
utilisation ratio of PV electricity, the PV-powered vehicle will have a negative impact, e.g. an increase in CO2 
emissions. It should be noted that when the CO2 emissions from grid generated electricity are less than from the 

PV generated electricity, the benefit of a net reduction in CO2 emissions will not be realised with a PV-powered 
vehicle even if the 100% utilisation ratio of PV electricity. 

 

 

Fig. 4.1-12 Relationship between CO 2 emissions  of  PV electricity on -board and grid electricity  
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The value of the PV utilisation ratio where the CO2 emissions from PV electricity are equal to the CO2 emissions 
from the grid corresponds to a cross over point where the PV powered vehicle goes from producing an increase in 

CO2 �H�P�L�V�V�L�R�Q�V���W�R���S�U�R�Y�L�G�L�Q�J���D���G�H�F�U�H�D�V�H���R�U���D�Q���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���E�H�Q�H�I�L�W�����7�K�L�V���S�R�L�Q�W���L�V���H�T�X�D�O���W�R���W�K�H���U�D�W�L�R���R�I���µ�&�22 emission 
�E�\���3�9���H�O�H�F�W�U�L�F�L�W�\���Z�L�W�K���������������X�W�L�O�L�V�D�W�L�R�Q���U�D�W�L�R�¶���W�R���µ�&�22 �H�P�L�V�V�L�R�Q���E�\���J�U�L�G�¶�����$�V���V�K�R�Z�Q���L�Q���)�L�J����������-13, when the utilisation 
ratio of PV electricity is more than �W�K�H�� �U�D�W�L�R���� �µ�&�22-PV100/CO2-�J�U�L�G�¶���� �W�K�H�� �3�9-powered vehicle will produce an 

environmental benefit. However, if the utilisation ratio is less �W�K�D�Q���µ�&�22-PV100/CO2-�J�U�L�G�¶�����W�K�H���3�9-powered vehicle 
will not have that benefit. 

That is, when the ratio, CO2-PV100/CO2-grid, is a small value, a lower utilisation ratio will still provide a benefit. 

However if the ratio is greater, e.g. CO2 emission by PV electricity will be less than, but close to that of grid electricity, 
utilisation ratio of the PV electricity will need to be higher, ex. close to 100% to achieve a benefit. 

 

 

Fig. 4.1-13 Image of relations between CO 2 emission s of PV/grid electricity, utilisation ra tio of PV 
electricity, and CO 2 reduction by PV -powered vehicle  

 

Fig. 4.1-14 shows an example of the relationship between CO2 reductions from a PV-powered vehicle and the 
utilisation ratio of PV electricity, based on the case study in Japan (Chapter 2.1). In the case study, the CO2 

emission from the grid electricity was assumed to be 0,462 kg-CO2/kWh, and the CO2 emission from the PV 
electricity (1 008 kg-CO2/kW) supposing a lifetime of 12 years, 30% shading loss and 100% utilisation ratio was 
0,129 kg-CO2/k�:�K���� �7�K�H�Q���� �W�K�H�� �U�D�W�L�R���� �µCO2-PV100/CO2-�J�U�L�G�¶�� �Z�L�O�O�� �E�H�� ���������� �D�Q�G�� �W�K�H�� �X�W�L�O�L�V�D�W�L�R�Q�� �U�D�W�L�R�� �R�I�� �3�9�� �H�O�H�F�W�U�L�F�L�W�\��

required to produce an environmental benefit will be over 28%. 

 

 

Fig. 4.1-14 Example of the relationship between the utilisation ratio of PV electricity and  CO2 reduction 
for the Japanese case study (Chapter 2. 1) 
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This cross-over, or minimum PV utilisation ratio, has been calculated for each of the Task 17 �F�R�X�Q�W�U�L�H�V�¶��locations 
using results from the previous section 4.1.2.1. Fig. 4.1-15 compares the minimum PV utilisation ratio required to 

achieve a CO2 reduction for each of the Task 17 countries, it also shows the annual PV generated electricity in 
kWh and the local grid carbon intensity in kg-CO2/kWh for each location. The minimum utilisation ratio required 
varies between locations, when the grid carbon intensity is very low, as in Paris and Bern, the utilisation ratio is 

above 100% and while this is not in reality possible it indicates that much more PV generated electricity is required 
to achieve a CO2 reduction in these locations and even with a 100% utilisation ratio they are producing an increase 
in CO2 emissions from the PV powered vehicle. Among the other locations the higher the grid carbon intensity and 

PV generated electricity the lower the required utilisation ratio, and it can be seen that a range from 8% utilisation 
ratio required in Canberra and Rabat, where both grid carbon intensity and PV production are high, to 56% in 
Vienna, with a relatively low grid carbon intensity and PV production, to realise an environmental benefit. 

 

 

Fig. 4.1-15 PV generated electricity and carbon intensity of the local grid (left axis) and the minimum 
utilisation ratio of PV electricity to begin achieving a CO 2 reduction (right axis)  

(Bern, Switzerland and Paris, France are omitted as they will not have a CO2 reduction for the given example.) 

 

In order to increase the CO2 reduction achieved by PV-powered vehicles, one promising approach is that the CO2 

emission from the on-board PV electricity become smaller. As shown in Figs. 4.1-9 and 4.1-10, the CO2 emission 
of PV electricity is calculated by dividing the life cycle CO2 emissions of electricity generation by its lifetime. 
Therefore, the expected approaches for increasing CO2 reduction is to reduce the life cycle CO2 emission of PV 

and to increase PV electricity generation during the lifetime. Especially, in the case of a PV-powered vehicle, 
increasing PV electricity effectively used for the vehicle is important, as well as installing low carbon PV components.  

As well-integrated PV technologies such as curved, flexible and light weight PV modules, in addition to higher 

efficiency PV technologies, will contribute to increasing PV electricity generation, in order to further increase PV 
electricity used for a vehicle, the utilisation ratio of PV electricity generated on-board should be increased. 

In order to increase the utilisation ratio of the PV electricity, PV powered electric vehicles will require an optimised 

design. Factors to be considered include: the PV capacity with respect to effective solar irradiation and vehicle 
efficiency, the efficiency, capacity and operating condition of the battery, the driver�¶�V behaviour and charging 
strategies.  

Here, increasing the utilisation ratio of PV electricity will be equal to avoiding surplus PV electricity. One of the most 
promising approaches will be to provide PV electricity to surroundings when the PV-powered vehicle is parked, e.g. 
V2X. Although this report is focusing on expected benefits led by PV-powered vehicles alone, effective and 

intelligent integration between PV-powered vehicle and V2X will be a focus of the next Task 17 report. 

Another approach considered will be to manage the state-of-charge (SOC) of battery for PV electricity. When 
reserved capacity for PV electricity is well-managed, charging electricity at the stations will be restrained and PV 

electricity generated on-board will be effectively used more. 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0

200

400

600

800

1 000

1 200

1 400

1 600

Amsterdam Beijing Berlin Canberra Madrid Rabat Tokyo Vienna

M
in

im
um

 P
V

 u
til

is
at

io
n 

[%
]

P
V

 g
en

er
at

ed
 e

le
ct

ric
ity

 [k
W

h]
 &

 C
ar

bo
n 

In
te

ns
ity

 [g
C

O
2/

kW
h]

Electricity generated by PV Carbon Intensity of Local Grid Minimum PV utilisation ratio for CO2 reduction

800Wp PV
Horizontal
No shading



Task 17 PV and Transport  �± State-of-the-Art and Expected Benefits of PV-Powered Vehicles 

135 

It is also expected that a large capacity battery will be effective to increase the utilisation ratio of PV electricity. 
Although enlarging battery capacity for PV on-board will become a reason for additional environmental burdens 

like CO2 emission, PV integration with a vehicle which has a large capacity battery will be feasible. 

 

4.1.3 Discussion on financial bene fit  

A PV-powered vehicle can also bring a financial benefit to the user. In addition to the cost reduction of running the 
vehicle, by considering an initial cost for PV installation, the net cost saving can be seen. Here, the PV installation 
cost has been set based on current rooftop system prices of ~1 000 EUR/kWp in Germany [4] and then multiplied 

by two to approximate the extra manufacturing and integration costs for the on-board PV. 

Using the same approach as for the CO2 emission analysis, the cost is taken for the PV element in EUR/kWp, and 
examined for the breakeven PV utilisation ratio where the cost savings realised from avoiding grid charging over 

the lifetime of the vehicle are greater than the original cost of the PV element. To achieve a benefit the minimum 
utilisation ratio for the PV electricity will be equal to the lifetime EUR/kWh for PV generated electricity to EUR/kWh 
of the local grid. 

Fig. 4.1-16 shows an example of cost saving vs the PV utilisation ratio for Amsterdam, assuming a PV element 
cost of 2 000 EUR/kWp, and a local electricity cost of 0,217 EUR/kWh. The PV lifetime electricity cost is 0,1763 
EUR/kWh, and resulting in a minimum PV utilisation ratio of 81,2% to achieve a cost benefit. If the cost of grid 

electricity is increased to typical commercial EV charging costs this breakeven point will be much lower. 

 

  

Fig. 4.1-16 Example of cost saving s vs PV utilisation ratio for Amsterdam; the point at which cost savings 
can be made is 81% PV utilisation.  

(PV element cost: 2 000 EUR/kWp, local electricity cost: 0,217 EUR/kWh) 

 

Fig. 4.1-17 shows the PV energy generated per year and the household electricity price for each location, as well 

as the minimum PV utilisation ratio for achieving a cost benefit. While France and Switzerland did not achieve CO2 
reductions for the simulated case, due to the low carbon intensity of their respective grids, they both can realise 
cost savings if they achieve more than 91% and 53% PV utilisation ratio respectively. With the assumed PV cost 

and grid electricity cost, all locations except Beijing can achieve cost savings.  
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Fig. 4.1-17 Comparison of  Task  17 countries for  PV generated electricity and local household electricity 
prices  (left axis) and the minimum utilisation ratio of PV electricity to begin  achieving a cost saving  (right 

axis) . 
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4.2 Preliminary  discussions for s tandardisation of s olar irradiation 
and module design  

Vehicle integrated photovoltaic is one of the photovoltaic systems, and simultaneously it is one of the components 
of vehicles. The product will be tested and rated by both two standards. For example, the performance of the PV 
module is to be verified by way of a photovoltaic system with necessary corrections by the different usage such as 

moving, frequently shaded, etc. At the same time, it is to be tested as an exterior component of vehicles, such as 
different types of glass. And also, it is to be tested as vehicle�V�¶��electrical components due to different environments 
and requirements for vehicles, including EMC. For the moment, there is no published standard as well as no record 

of publications of official activities for the international standardisation. However, several open-access works of 
literature have been published by testing engineers and scientists. 

In this section, the activities and �³to-do�  ́of the standardisation of the vehicle integrated photovoltaic are discussed. 

 

4.2.1 Demanded in standardis ation work and difference from typical solar 
panels and their installation  

Several experts in photovoltaic standardisation published a list of items [1]. The structure of the proposed 
standardisation is shown in Table 4.2-1.  

The conventional IEC 60904 international standard series for PV electrical characterization focusing on a 2-D flat 

panel [2], will need to expand to 3-D shaped PV modules. The �Y�H�K�L�F�O�H�¶�V roof is three-dimensionally curved, and its 
curvature may induce power loss by increased cosine loss and self-shading loss. All the formulas and protocols for 
measurement of the performance of the PV module is based on the preconditions that the PV modules are flat. 

Determination of the output power and other fundamental electrical parameters such as short-circuit current and 
open-circuit voltage of the PV modules are essential to determine the input solar energy to the product of the 
irradiance and aperture area. On the other hand, the definition of the aperture area for the curved PV is not identical 

to the surface of the module. The �Y�H�K�L�F�O�H�¶�V roof is three-dimensionally curved, and its curvature may induce power 
loss by increased cosine loss and self-shading loss [1]. Another aspect that needs to be considered is that the 
�Y�H�K�L�F�O�H�¶�V roof PV is not in the installation of the standard slope angle and orientation. The orientation of the �Y�H�K�L�F�O�H�¶�V 

roof changes with time without correlation to the sun's direction. Surrounding buildings and other objects often 
shade both. These factors have a different impact on the curve shape. Such interaction needs to be taken into 
account. 

The standard PV modules are installed to avoid shades. However, the �Y�H�K�L�F�O�H�¶�V roof PV is not oriented for the 
utilization �R�I���V�R�O�D�U���H�Q�H�U�J�\�����7�K�H���G�U�L�Y�H�U�¶�V���F�R�Q�Y�H�Q�L�H�Q�F�H���R�I�W�H�Q���V�K�D�G�H�V���W�K�H���3�9�����7�K�H���U�H�O�D�W�L�Y�H���R�U�L�H�Q�W�D�W�L�R�Q���R�I���W�K�H���3�9���R�Q���W�K�H��
vehicle to the sun�¶�V position is not fixed but frequently changes by driving. The PV on the vehicle�¶�V body and the 

vehicle�¶�V roof is curved. It is often shaded by its own surfaces. 

The position and height of the shading objects are often difficult to predict. For predicting the total solar energy to 
a vehicle (either annual or monthly basis) in a specific area, not in a particular driving course, it is convenient to 

predict the shading influence using rough indicators of the roughness of the land. The value of the annual or monthly 
solar irradiance value in a specific area is valuable to predict the driving performance of vehicles mounting the PV 
panel. 

It is necessary to consider the following vehicle-specific issues: 

1. Greater chance of shading by objects around the vehicle (trees and buildings) 
2. Curved surface 

3. The orientation angle randomly varies 
4. Mismatching loss by partial shading 
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Table 4.2 -1 List of standardis ation items discussed among scientists and testing engineers [1]  

Rating test Standard solar irradiation for 
standard testing condition 

solar resource around the 

vehicle is different from a typical 
PV installation 

Definition of the standard solar irradiation 
Spectrum 
Value of irradiance �± 1 kW/m2? 

Solar simulation onto the �Y�H�K�L�F�O�H�¶�V��roof 
Orientation/declination of the artificial light 
Representation of various levels of the sun height 

The standard (diffused) / (direct) of the sunlight 
Simulation of partial shading 

Testing facility Light Source and the Testing Room 
Is the collimated light source necessary? 
Color and reflectance of the testing room 

Fixture supporting the PV (deflection by gravity) 

Curved surface Repeatability of the tested result onto the curved surface 

Requirements of the solar simulator 

Testing protocols for repeatable measurement results 

Curve-correction factor: Definition,  
calculation protocol  
standard angular condition of the sunlight. 

Is the mismatched output from strings included in the 
curve-correction? 

Robustness to partial shading Testing method for the sensitivity of partial shading 
(mismatching loss) 

Robustness to dynamic shading Testing method for the sensitivity of partial shading 
(dynamic mismatching loss) 

Misc. How about the door and engine hood? Same conditions 

to the �Y�H�K�L�F�O�H�¶�V��roof? 

The temperature of the standard testing condition:  
Is it 25 �¥ , 60 �¥  or other temperature? 

Is the flexible PV tested before mounting or after 
mounting? 

Design 
qualification 

Standardisation body IEC, ISO, or other standardisation bodies? 

Environmental test List of the testing items and their conditions. Preferably 

with pass/fail criteria. 
Note the typical environmental chamber test for the 
vehicle-components is more intensive than PV 

products, 

The necessity of vehicle-specific tests including weight, 

dimensions, aerodynamics, safety, robustness to 
vehicle-wash, and so forth. 

Requirements for qualification Definition of the minimum requirement and its 

background. 

Label, specification sheet, and its required item list; 

Retest guideline, namely when the �Y�H�K�L�F�O�H�¶�V��roof PV 
undergoes a minor design change to fit a new or 
customized vehicle design, what kind of retest items 

need to be required to keep qualification recognition? 

Range of resembles as the criteria for the necessity of 

retests; 

Misc. List and definition of terms; 

Specification of the vehicle-interface like cables and 
connectors. 
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Power Modeling Is this the issue of standardisation? 

Simplified parameters Curve-correction factor 

Curve-shape representation 

(90% edge angle for example) 

Representative curve (or group of the curved surfaces) 

Representative distribution of the shading objects 

Representative solar irradiance for modeling calculation 

Representative distribution of the surface temperature 

Unit element vs. Shape calculation 

Modeling by rigorous calculation 3D curve issue 

mismatching issue 

stress issue 

dynamic shading issue 

Interaction to the string orientation Current mismatching loss by non-uniform illumination 

Voltage mismatching loss by non-uniform temperature 

Outdoor measurement validation Mode of outdoor operation 

Validation criteria 

Parameter measurement for 
modeling 

3D AOI (Angle of incidence) measurement 

PV color (automobile painting) 

Solar modeling for vehicle Three-Dimensional solar modeling 

Climate correction of the power modeling 

Energy 
Prediction 
(km/kWh issue) 

Difference between GHI and 
vehicle-roof irradiance 
(GHI: global horizontal irradiance) 

The standard way of conversion 

Necessary parameters for the conversion 

Energy Nowcasting High-speed calculation algorithm 

Link to the drive recorder image (dynamic shading) 

Map integration 

The requirement of the dataset 

Standard Smart Administration Standard data format 

Standard procedure 

using a satellite or camera in the vehicle? 
 

4.2.2 Curve -correction  

As it was mentioned in the previous section, the official standardisation activity has not been published, and the 
publication of the international standards will be done after intensive discussion among experts throughout the 
world, as well as voting by the national committees of member countries. However, remarkable progress was seen 

in these years in characterization and testing the �Y�H�K�L�F�O�H�¶�V��roof PV by intensive discussions among scientists and 
testing laboratories. The approach that is mentioned in this section is not the agreed standard, but one of the best 
candidates. 

Before discussing the curve correction, it should be clarified where the standard measurement method has a 
problem [3]. The curved modules are often overestimated in efficiency measurements. It is because the input 
energy is often underestimated during the measurement by the indoor solar simulator. 

To explain this, here again is the definition of efficiency measurement of the solar cells and modules (Equation (1)). 

�ß
L��
�2�â�è�ç

�2�Ü�á
 (1) 

where �� is the measured energy efficiency of the solar cell or module using the solar simulator. Pin is the input 
power to the solar cell or the module. Pout is the output power of the solar cell or the module. The measurement of 

Pout of the curved module is the same as the standard flat PV modules, and it is a simple electrical measurement. 
However, the difficult measurement is Pin. 
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In the standard measurement of the solar cell and module, Pin is calculated by Equation (2). 

�2�Ü�á
L ���#�®�+�N�N (2) 

where A is an aperture area. Irr is irradiance in the aperture window. In the solar simulator measurement, Irr is 

adjusted as 1 kW/m2 and uniform in the entire area of the aperture area A. For the standard flat PV module, the 
aperture area A is the same as the module active area. However, this definition is not applied to the curved PV 
module because the aperture area is defined as the window of the flat plane, and not the curved surface. 

The first cause of the overestimation is that the curved PV module often collects more light than is defined by the 
aperture window. Since the illumination area of the solar simulator is always more extensive than the PV module, 
the curved module receives more unexpected light coming from the outer region so that it generates more 

unexpected power. Alternatively, it is an excellent way to place an aperture mask on the curved PV module. 
However, it is often eliminated because the multiple reflections between the aperture mask and optics in the solar 
simulator disturb the uniform illumination in the zone of the aperture window, and the solar simulator often and 

repeatedly requires time-consuming adjustment in the optics. Besides, there are no agreed standards in the 
position of the aperture mask for the curved PV module. Depending on the curved shape, the aperture mask 
interferes with the body of the curved module [3]. 

The second cause is the aperture area; namely, the module area in the active region of the curved module is not 
defined clearly and may have multiple definitions. It is a cause of fatal error in the estimation of the module efficiency 
in the dividing area of the module (Equations (1) and (2)) [3]. 

The third cause is the difference in the angular distribution in the indoor measurement (typical solar simulator) and 
outdoor operation. The curved surface generates more loss in the illumination by a higher incident angle. Unlike 
the case of the flat PV module, it cannot be applied to the indoor module efficiency to the outdoor operation. 

Correction by the curved shape is essential [3]. 

A PV module with a curved surface is different from a flat plate module on power output. Specifically, the self-
shading effect of shading a part of the incident from a shallow angle on its convex surface, the local cosine loss at 

each point of the solar cell is not constant, and due to the above factors, a mismatching loss further reduces the 
power output. That is, the output of the curved module has a different output value from the performance test with 
a conventional solar simulator designed for a flat plate, as discussed in the previous section. Nonetheless, the 

exact test method of synthesizing the separately measured outputs by decomposing the curved surface into little 
surface elements (approximating each surface element to a very flat plate) is scarce in reality [5]. Therefore, a 
method of considering the power generation output on the 3D curved surface by multiplying the value measured 

by assuming the curved module as a 2D flat plate by the curve correction factor was studied. This curve correction 
factor is convenient because it can be uniquely determined for each curved surface given the incidence angle 
characteristics of the module and the incidence angle distribution of the solar cell if the mismatching loss is 

neglected [3]. 

The curve correction factor can be calculated by numerical, geometric calculation [6], or ray-tracing simulation [1]. 
For the geometrical calculation, it is important to add two conditions for avoiding complexity. First, the module does 

not absorb the light in the backside. Second, the curved surface is simple convex (no two or more peaks), namely 
the partial derivative functions of the profile function of the curved surface concerning x and y have no more than 
two points of the zero-crossing. 

The curve correction factor f is defined as Equation (3). 

�2�â�è�ç
L ���#�+�B�ß (3) 

where Pout is the output of the module, A is a flattened area of the panel (not projected area), I is irradiance of the 
curved roof, f is the curve-correction factor, and �� is the module efficiency measured by the flat condition by the 
conventional solar simulator. The curve correction factor f is a unique value depending on the 3D curve shape of 

the panel if the angular distribution of the solar irradiance is given. It is typically calculated by a numerical calculation 
(calculation algorithm should be open, transparent, and repeatable within some acceptable numerical errors, i.e., 
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use of the Monte Carlo method). It should apply to the 3D CAD (computer-aided design) interface (most of the 
�Y�H�K�L�F�O�H�¶�V roof 3D shapes were not simple polynomials but segmented smooth functions) [3]. 

The curve correction factor f can be expressed as the product of two parameters (Equation (4)). 

�B
L���B�5�B�6 (4) 

where, f1 is the coving factor, or in another way, geometrical curve correction factor corresponding to the ratio of 
the projected area by surface area, f2 is the irradiance ratio due to the local cosine loss and self-shading loss, in 

other words, optical curve correction factor. The parameter f1 may represent the overall shape of the curved surface 
[3]. 

The basic idea of the curve correction factor is the ratio of the absorbed flux and that of the light source with the 

area of the projected area of the curved PV panel that is placed just on the curved PV panel (Fig. 4.2-1). The line 
segment around the light source (semi-transparent light-blue area) corresponds to the rays emitted from the light 
source. The short line segments correspond to the ray that does not reach to the curved surface. The longer line 

segments correspond to the one that hits the curved PV panel (curved opaque gray surface), namely the ray that 
is absorbed by the PV. Note that some rays just above the curved PV panel do not hit the curved module due to 
its curvature. To avoid the situation, the real light-source was placed on the surface of the virtual source plane 

(semi-transparent light-blue area) with a ten times larger area than the virtual light source. A detector is placed on 
the virtual light source and measures the total flux that passes the aperture zone (corresponding to the projected 
area) and compares the total flux absorbed by the curved PV surface (opaque gray surface). Note that the 

absorption at the backside surface is disabled in this calculation. The angular characteristics of the absorption are 
assumed as a Lambertian surface [3]. 

 

 

Fig. 4.2-1 Geometrical relation between the curved PV panel (curved detector, opaque gray surface) and 
light source (corresponding to the projected area, semi -transparent light -blue area) [3].  

The line segment around the light source (semi-transparent light-blue area) corresponds to the rays emitted from the light 

source. The short line segments correspond to the ray that does not reach the curved surface. The longer line segments 

correspond to the one that hits the curved PV panel (curved opaque gray surface), namely the ray that is absorbed by the PV. 

Note that rays just above the module do not always hit the module due to its curvature [1]. 

 

The curve correction factors of the various shape of the �Y�H�K�L�F�O�H�¶�V roof are calculated and plotted in Fig. 4.2-2; each 
corresponding marker in the plot was given by the random numbers. The curve shape of the �Y�H�K�L�F�O�H�¶�V roof widely 
varies. Random numbers model each surface with an approximation of the bi-cubic spline function structured by 

the power function of the tangent lines. The curve shape profile is approximated as the segmented (symmetrical to 
left-right direction, but asymmetrical to front-back direction) power function constrained by the maximum slope at 
the edges. Specifically, it keeps symmetry in the X direction, but allows asymmetry in the Y direction, considering 

that the curve shape of the �Y�H�K�L�F�O�H�¶�V roof may vary in the front and tail of the �Y�H�K�L�F�O�H�¶�V body. 
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Fig. 4.2-2 Curve correction factor vs. representative curve shape parameter  [3]  

 

The curve correction factor decreases by the increase of curvature of the surface [4], corresponding to the ratio of 
the projected area by surface area (Fig. 4.2-2). The geometrical factor f1 dominates it, but the optical curve 
correction also decreases by the increase of the curvature as well. However, the optical influence depends on the 

surface shape, and it is essential to calculate its factor to every curve surface [3]. 

The above approach can simulate the distribution of the solar irradiance of the curved �Y�H�K�L�F�O�H�¶�V roof PV panel. To 
do this, it is necessary to specify the orientation of the panel, the sun�¶�V height, and ratio of the direct and scattered 

components. It is not appropriate to use the statistical distribution of the incident angle data because the distribution 
depends on the direction of the direct sunlight [3]. 

The distribution of the irradiance varies by both the sun�¶�V height and orientation angle. The orientation angle of the 

�Y�H�K�L�F�O�H�¶�V roof PV varies by time. Such non-uniformity is observed by the measurement of the mini-module attached 
to various places on the �Y�H�K�L�F�O�H�¶�V roof [3,7]. 

The above-mentioned mismatching loss is handled separately by a Monte Carlo simulation. Although the 

mismatching loss due to non-uniformity may be expected, it will be significantly relaxed by the appropriate string 
design [8], and thus less significant than the reduction of the total flux [3]. 

The curve correction factor is also affected by the angular distribution of the solar irradiation. Roughly, the angular 

distribution of the sunlight in the horizontal surface moves to the higher incident angle when the sun height is low, 
thus higher latitude, the lower average height of the shading objects, and seasonal fluctuation of the sunshine 
duration are high in winter, as the area of the south-east side of mountains in Asian monsoon regions [3]. 

The curve correction factors, f and f2, significantly vary by the site conditions, including latitude, climate pattern, 
and shading environment (urban zone or rural zone). This is because of the difference in the distribution of the 
incident angle onto the curved surface (Fig. 4.2-3) [3] 
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Fig. 4.2-3 Correction factor vs. representative curve shape parameter (coving factor as f1) in two extreme 
cases, estimated by simula tion [3]  

One is the urban zone in Bangkok (N 13,7° and 4,87 kWh/m2/day global horizontal irradiance, GHI), drawn by a blue line. The 

other is a rural zone of Omsk (N 54,9° and 3,34 kWh/m2/day GHI) drawn in an orange line: (a) curve-correction factor f; (b) 

optical curve correction factor f2 [3]. 

 

4.2.3 International collaboration  

Besides the international collaboration for accurate measurement of the curved PV panels, a web meeting group 

for brain-storming discussions on the preliminary standardisation was created by the voluntary contribution of 
scientists, manufacturers, and testing engineers. The activities of preliminary discussion for the standardisation 
through a series of web meetings have been done by 57 volunteer scientists and engineers from 16 different 

countries with a good mixture of scientists, manufacturers, and testing laboratories (Fig. 4.2-4). The discussion 
started in 2017 between Japan (Toyota Technological Institute) and China (Trina Solar) with a question on how to 
measure the performance of the curved vehicle�¶�V��roof PV. This technological problem and future potential of the 

vehicle�¶�V��roof PV has attracted many scientists and engineers, and registered people for the web meetings 
increased monthly. Up to November 16, 2020 (three years after the first question), 25 web meetings were held, 
including several face-to-face meetings. Specifically, the webinars covered (1) Irradiance modeling onto the 

vehicle�¶�V��roof; (2) Curve correction of the PV output; (3) Quantification and modeling of partial shading loss; (4) 
Performance testing conditions; (5) Effective solar resource on the vehicle�¶�V��roof impacted by shades of 
surrounding buildings; (6) Environmental testing conditions; (7) Minimum requirement of the solar simulator for 

testing curved PV [9]. 

The meeting contents were frequently published by open-access papers or conference proceedings [1, 9-13]. 

 

 

Fig. 4.2-4 Members of the web meeting group for the �Y�H�K�L�F�O�H�¶�V��roof standardis ation and modelling (up to 
November  16, 2020) 
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4.3 PV-powered vehicles in stationary mode and combination with 
possible i nfrastructures  

Considering driver profiles and travel characteristics, PV-powered vehicles may increase vehicle autonomy by an 
extended drive range thanks to solar power. Use cases, study cases, as well as learning from experience show 
the positive impact on the vehicle driving range. However, also PV-powered vehicles, like all electric vehicles, need 

to be sometimes additionally recharged by electricity from the grid. Hence, the combination of PV-powered vehicles 
and charging infrastructures involve three other types of study to take advantage of PV integration into vehicles: 
PV production impact in stationary mode, requirements regarding the charging infrastructures, and PV benefits 

while services such as vehicle-to-grid/home/vehicle are associated with the charging terminals. In this section, the 
term of stationary mode covers aspects of the vehicle when it is parked for a while. Additionally, a PV-powered 
vehicle in stationary mode will be outlined. 

 

4.3.1 PV electricity production of PV -powered vehicles in stationary mode  

On-board PV modules in Vehicle Integrated PV (VIPV) may encounter energy losses in the actual use situation 

that have to be appraised to evaluate the potential of PV energy production and its cost. Therefore, below a concise 
overview is given of these losses in order to give an insight into their scope. 

Compared to a PV power plant, on-board PV modules produce less energy due to horizontally and vertically 

oriented body parts of a vehicle. Roof-integrated PV and door-integrated PV have non-optimal orientations or resp. 
~0° and ~90o compared to an optimally tilted PV power plant with flat PV panels (Fig. 4.3-1). 

 

 

Fig. 4.3-1 Illustration of a PV roof orientation and PV door orientation (on the left) compared to a flat PV 
panel inclination in a power plant (on the right)  

 

The projected area of the PV modules is then reduced and induces losses that will depend on the latitude (Fig. 4.3-
2). The figure shows that at locations close to the equator, hardly a difference exists between annually received 
solar irradiation on a horizontal plane and an optimally tilted surface. For instance, this is the case in Accra, with 

an optimal tilt angle of 8o and annual horizontal solar irradiation of 2 113 kWh/m2 and Dakar, with an optimal tilt of 
16o and 2 253 kWh/m2. However, the higher the latitude the less irradiation and the bigger the difference between 
annual horizontal irradiation and that received by optimally tilted planes. For instance, in Perpignan at a latitude of 

42,692o the annual horizontal solar irradiation is 1 552 kWh/m2, but the difference with irradiation on surface with 
an optimal tilt angle of 39o is -17%. In Tromso, at a latitude of 69,656o and a horizontal solar irradiation of 718 kWh/ 
m2 this difference becomes even 23% as compared to 923 kWh/m2 at an optimized tilt angle of 50o. 
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Fig. 4.3-2 Annual horizontal and in -plane optimally tilted irr adiation for locations on increasing latitude, 
source: PVGIS -SARAH 

 

Furthermore, slightly curved surfaces of integrated PV induce cosine and self-shading losses [1] (Fig. 4.3-3). 
Indeed, the panel will receive less irradiance per square meter (reduced projected area, Fig. 4.3-4) and the 

irradiance uniformity will be degraded compared to flat panels (mismatch losses), causing a lower energy 
production which depends on the amount of irradiance and the number of integrated bypass diodes in the PV panel. 

 

 

Fig . 4.3-3 Illustration of self -shading in a curved PV panel that could be integrated in a vehicle �¶�V���E�R�G�\��

parts.  

 

 

Fig. 4.3-4 Illustration of the lower projected area due to a PV panel curvature  

 

Also, surrounding fixed objects such as street furnishings, buildings, vegetation, etc., can add shading and cause 
mismatch losses and hence cause a lower energy production of on-board PV modules [2], see Fig. 4.3-5. 

 

 

Fig. 4.3-5 Illustration of shading by fixed objects of a curved PV panel  

 

The PV cell temperature of on-board PV will increase as compared to a PV power plant with, for instance, rack-

mounted PV modules (Fig. 4.3-6), due to the lack of backside convection caused by the closed vehicle space 
underneath the PV modules. A higher PV cell temperature will lead to a reduced energy production according to 
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the temperature coefficient for power for silicon cells of 0,4 to 0,5%/oC with respect to the standard test temperature 
of 25 oC [3]. The temperature difference between a built-in VIPV application and a rack-mounted PV system can 

be estimated with the Ross model, which states that Tm = Ta + k G, where Tm is the module temperature, Ta the 
ambient temperature, k the Ross coefficient and G irradiance (Fig. 4.3-7). In addition, non-uniform variations of the 
PV cell temperature over the PV roof or PV doors will add to the already existing mismatch losses.  

 

 

Fig. 4.3-6 Illustration of the convention situations for a built -in VIPV application and a solar PV panel in a 
rack -mounted system configuration  

 

 
Fig. 4.3-7 Temperature difference between a built -in VIPV application (k=  0,0563 °C·m 2/W) and rack -

mounted PV system (k=  0,0208 °C·m 2/W) as a function of irradiance and relative power loss of the built -in 

application vs rack -mounted , using a temperature coefficien t fo r silicon PV cells of 0,45 %/oC 

 

Maximum power point tracking (MPPT) and power electronic converter DC/DC performance may be less effective 

and efficient due to the different energy loss mechanisms described before (Fig. 4.3-8). Indeed, non-uniformities 
of irradiance due to (self-)shading and of temperature of PV cells, will lead to non-ideal I-V curves that may add 
losses by a mis-tracking of the MPPT or due to a delayed tracking.  

 

 

Fig. 4.3-8 Illustration of a non -ideal I -V curve of a PV panel due to non -uniform irradiance  

(Notice: the effect of bypass diodes over each cell by the small steps down in current.) 

 

Finally, temporary storage of the PV energy in a battery will lead to losses during the battery charge/discharge 

cycle. Because of these losses, it would be interesting and required to add charging infrastructures to VIPV 
applications. 
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4.3.2 PV-powered vehicles connected to charging infrastructures  

Charging infrastructures for electric vehicles are mainly classified in three types [4]: distributed normal charging, 

fast charging, and battery swapping infrastructures. They are powered by the grid, whatever is the infrastructure 
location: indoor / outdoor, residential charging, workplaces, fleets, public terminals, or dedicated electrical networks 
for other electrified means of transport. On the other hand, on-site PV supply solutions are also proposed, called 

PV-powered charging stations. PV modules are deployed on many types of available surfaces such as roofs of 
carports, parking lots, buildings, or simply on-site on the ground. Regarding the PV-powered vehicles connected 
to charging stations, the topology of the charging infrastructure must be adequately constructed to continue to 

increase the PV benefits. 

 

4.3.2.1 PV-powered vehicles connected to traditional grid -powered charging infrastructures  

Charging infrastructures powered by the grid are generally installed in outdoor parking, but also in indoor parking. 
There are ground-based or wall-mounted charging terminals, as shown in Fig. 4.3-9. 

 

 

Fig. 4.3-9 Chargin g infrastructures powered by the grid: outdoor and indoor  

 

For outdoor charging infrastructures, the PV-powered vehicle can charge its battery from the power grid and from 
its own PV production. However, the PV energy can occur if the vehicle is exposed to the sunlight (depending on 

place to park) for a while. In this case, the PV integrated into the vehicle has advantages due to the generated 
production.  

Therefore, for outdoor charging infrastructures, the requirements and feasibility 

conditions are related to the characteristic of the vehicle spot, i.e. situated in clear 
area, or partially shady area, or full shaded area, and to �Y�H�K�L�F�O�H�¶�V parking time 
duration. It should be noted that in outdoor charging infrastructures, well sunlit 

exposed vehicle spots should be indicated or even marked out for PV-powered 
vehicles. Consequently, this requirement must be mentioned from the design and 
construction of the charging infrastructure. 

For indoor charging infrastructures, the PV integrated into the vehicle may present a benefit provided that the indoor 
lighting is higher than the minimum irradiation for PV production. However, specific legislation and regulatory 
developments regarding the indoor lighting for public parking set energy efficiency requirements so that it is difficult 

�W�R���U�H�D�F�K���W�K�H���P�L�Q�L�P�X�P���L�U�U�D�G�L�D�W�L�R�Q�����7�K�H���O�L�J�K�W�L�Q�J���R�I���P�R�V�W�O�\���R�I���S�U�L�Y�D�W�H���L�Q�G�R�R�U���S�D�U�N�L�Q�J���L�V���D�X�W�R�P�D�W�L�F�D�O�O�\���³�R�Q�´���Z�K�L�O�H���K�X�P�D�Q��
presence is detected so that it is not possible to obtain any PV energy.  

Therefore, for indoor charging infrastructures, the PV-powered vehicle can charge 

its battery only from the power grid and, thus, there are no special requirements 
regarding the indoor charging infrastructures.  

Nevertheless, it always remains the advantage due to the PV production generated during the drive and outdoor 

stationary mode. 
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4.3.2.2 PV-powered charging stations  

PV-powered charging stations for EVs usually consist of the following components: PV modules, balance of system 

and EV supply equipment [5]. 

PV Modules: These are �W�K�H���V�W�D�W�L�R�Q�¶�V���P�D�L�Q���V�R�X�U�F�H���Rf renewable electricity. Fixed arrays with silicon PV 
modules are usually the chosen technology because they offer the best trade-off between cost and 

efficiency. Tracking systems or concentrator PV modules have been used in some instances, however 
their feasibility depends on the share of direct beam irradiance and hence the local climate.  

Balance of system such as power electronics, batteries, energy management systems and other: 

�x Power Electronics: these converters can be either DC-DC (MPPT) or AC-DC (inverter). 
�x Battery Energy Storage System (BESS): a BESS can be used to overcome the mismatch 

between the time when energy is produced and when it is used. Most PV charging stations rely 

on batteries for storing energy; lithium-ion technology is frequently chosen for this purpose but 
lead acid batteries could also be used in principle. 

�x Energy Management System (EMS): an EMS can use different charging algorithms to monitor 

and control the power flows of the PV charging station (particularly if the station has energy 
storage) in order to fulfil a specific objective such as ensuring the EV is always fully charged or 
�P�L�Q�L�P�L�]�L�Q�J���W�K�H���V�\�V�W�H�P�¶�V���R�S�H�U�D�W�L�Q�J���F�R�V�W���� 

�x Other hardware: wiring, switches, and mounting structure for the PV array. 

EV Supply Equipment: this refers to the components necessary to connect the EV to the charging station 
such as the connector plug, power supply cable, charging stand and protection components, as well as 

�W�K�H���F�K�D�U�J�L�Q�J���V�W�D�W�L�R�Q�¶�V���X�V�H�U���L�Q�W�H�U�I�D�F�H�� 

A grid-connected PV charging station with BESS for EVs can hence have the following operating modes, see Fig. 
4.3-10: 

1) PV Charging Mode �± Energy produced by the PV array is used to directly charge the EV 
2) Grid Charging Mode �± Energy from the local grid is used to charge the EV 
3) PV Storage Mode �± PV energy production is stored in the BESS  

4) BESS Charging Mode �± Energy stored in the BESS is used to charge the EV 
5) Grid Supply Mode �± Surplus energy from the PV array is sold back to the grid  
6) Vehicle-to-Grid (V2G) Mode �± Energy stored in the EV battery is used as a power source by the 

grid or a local load such as a household or office building. 

 

 

Fig. 4.3-10 Modes of operation in a grid -connected PV charging system with energy storage: PV charging 
(1), grid charging (2), PV storage (3), BESS charging (4), grid sa le (5) and V2G (6)  
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A preliminary analysis of PV-powered charging stations assessing Strengths, Weaknesses, Opportunities, and 
Threats (SWOT) aspects is presented in Fig. 4.3-11 [5]. 

PV-powered charging stations can provide a source of renewable electricity at the point of consumption and reduce 
overloading in the local grid. However, potential barriers to its implementation include a higher initial cost and low 
charging speeds if power is flowing directly from the off-grid PV system to the EV. In addition, a key challenge is 

the difficulty of placing PV arrays in densely populated locations where there might be significant shading from 
surrounding objects. 

 

Strengths  

�x Energy is produced locally, avoiding grid 
transmission losses  

�x Reduced local grid overloading thanks to BESS if 
several EVs charge at the same time 

�x Identical operation as regular charging points from 
user perspective 

Weaknesses  

�x Increased initial cost, particularly if local storage is 
considered 

�x Requires upgrading existing electrical infrastructure 
with a bidirectional grid connection (V2G) 

�x Insufficient PV power for EV fast charging 

Opportunities  

�x Ability to use surplus PV production to meet energy 
demand from other local loads 

�x Possibility to install grid-independent charging 
points if coupled with energy storage 

Threats  

�x Lack of space for new charging stations from 
existing ones 

�x Difficulty to place PV panels in an urban 
environment 

Fig. 4.3 -11 SWOT Analysis for PV charging stations for EVs  

 

4.3.2.3 PV-powered vehicles connected to PV -powered charging stat ion  

PV-powered charging stations are often installed on parking lots, using a PV canopy covering the vehicles, on-site 
PV ground-mounted closely to the parking, or building-integrated PV charging solutions.  

If the PV modules are deployed on on-site ground-mounted closely to the parking lot, or on the roof / walls of a 
building close to the parking lot, then the PV-powered vehicles are parked in outdoor or indoor parking lots. In such 
cases, the requirements and feasibility conditions to obtain benefits from PV integrated into the vehicles are the 

same as those presented in subsection, 4.3.2.1. 

Regarding the PV-powered charging stations using PV canopy as illustrated in Fig. 4.3-12, the topology of the PV-
powered charging infrastructure must be adequately designed to continue to increase the benefits from PV 

integrated into the vehicles. 

 

     

Fig. 4.3-12 PV-powered charging infrastructure with PV vehicle  parking shade  
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