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Harvesting Roadway Solar Energy—Performance of
the Installed Infrastructure Integrated PV Bike Path
Aditya Shekhar , Vinod Kumar Kumaravel, Stan Klerks, Sten de Wit, Prasanth Venugopal, Nishant Narayan ,

Pavol Bauer , Olindo Isabella, and Miro Zeman

Abstract—Solar road technology provides an opportunity to
harvest the vast, albeit dispersed, photovoltaic (PV) energy, while
maximizing the land utilization. Deriving experience from the
pioneering 70-m solar bike path installed in the Netherlands,
this paper highlights the operational challenges and performance
parameters using the first-year measured data. The theoretically
predicted energy yield is compared with the measured energy
yield. Based on the best performing module, the benchmark
annual energy yield is set to 85–90 kWh/m2 specific to the
installation site. It is shown that this value can be bettered by
about 1.5 times if different cell technology such as monocrystalline
is used. With different installation sites around the world, thermal
behavior as well as annual energy yield changes. Theoretical
proof is offered that it is not unreasonable to expect an annual
energy yield in the upwards of 150 kWh/m2 with solar road energy
harvesting technology. For example, the annual yield is found to
be 213 kWh/m2 if the same model is simulated for a solar road
PV installation in India, which increased further with the use of
monocrystalline to almost 300 kWh/m2.

Index Terms—Annual energy yield, energy harvester, infrastruc-
ture integrated photovoltaics (IIPV), module temperature, photo-
voltaics (PV), roadway, solar pavement, solar powered street, solar
road (SR).

I. INTRODUCTION

R ESEARCHERS are increasingly looking toward the sun
for sustainably meeting the energy needs of the human

civilization. Recent years have seen rapidly decreasing costs of
solar photovoltaic (PV) modules at growing operating efficiency.
It was reported that for every doubling of module shipments in
terms of MWp, the selling prices have decreased by 22.5% [1],
while experimental demonstrations show that cell efficiency in
the upwards of 20% is achievable [2], [3].
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However, the ability to generate useful energy from solar ir-
radiation is limited by the land constraint due to its dispersed
nature. By harvesting the incident solar energy from roadways, it
is possible to maximize the utilization of land dedicated toward
transportation [4], [5]. Specifically, by using infrastructure inte-
grated PV (IIPV) technology for powering the roadway loads,
the grid dependence can be minimized, while also reducing the
distribution losses and requirements for copper, thus providing
economic benefits [6], [7]. IIPV may also contribute in miti-
gating issues related to significant infrastructure upgradation in
distribution grids due to high forecasted demand with the advent
of electric vehicles (EVs) [8]. A vision of sustainable highways
integrating high-powered solar road (SR) PV generation, wire-
less power transmission to EVs, and self-healing asphalt for
developing a seamless transportation electrification technology
is presented in [9] and [10].

A. Roadway Energy Harvesting Technologies

Several technologies that can be used to harvest thermal and
electrical energy from roadways are discussed in this section.
With a focus on transporting water to islanded locations using
bridge road links, especially designed pipes were embedded
125–175 mm below the road surface [11]. It was claimed that
cost savings were achieved in water transportation, and in addi-
tion, the annual energy yield of about 770 kWh was obtained for
every 6 m2 of road surface by use of solar thermal collection.
Cautioning that knowledge is required on effect of asphalt road-
embedded pipes from the standpoint design, construction, and
maintenance [5], the potential of extracting heat from asphalt
pavement in positively influencing the roadway lifetime and
regulating the urban heat island effect was highlighted in [12]
and [13].

Using a piezoelectric transducer to convert mechanical strain
from passing vehicles, energy can be harvested in electrical
form [14], [15]. In [14], identifying interstate highways with
high speed and traffic volumes as ideal candidates, the prototype
with 4× piezoelectric elements was estimated to generate
1080 Wh per year based on the assumed traffic conditions.
However, low power densities of≈2 mW limited the application
to off-grid LED traffic lighting and embedded wireless sensors.
Combining this technology with communication methods, a
novel “smart street” solution for detecting presence, direction,
and speed of vehicles was developed in [16]. Extending
the concept, energy savings may be achieved by design of
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Fig. 1. Photo of the installed SR bike path. (For more information, see [25]).

intelligent lighting systems operating based on sensed vehicle
movement [17].

The economic viability of the dedicated road-side solar-
powered LED lighting system was studied in [6]. As compared
with a grid-connected system, the solar-powered system had
13% lower power consumption but 37% higher installation cost.
The main reason for higher costs was that of the PV module at
5 USD/Wp. With lowering module costs below 1 USD/Wp, as
presented in [1], the payback can now be expected to be much
lower. Interesting studies on solar-powered road-side units for
applications such as traffic signals and road surveillance are
carried out in [18]–[21].

The above roadway energy harvesting techniques are domi-
nated by either thermal or low-powered electrical conversion
capable of in situ consumption and environment regulation.
High electrical power needs are driven by the advent of EVs
and sustainable electrification of public transport systems [8],
[22]. Implementation of solar PV plants for generating power
with reasonable energy density for supporting the grid would
require significant quantities of land, a need that inevitably com-
petes with other important uses such as agriculture, housing, and
transportation.

Even though the potential of SR-based IIPV generation is
recognized [5], [23], [24], limited literature is available on the
operational know-how of this technology in actual installation
conditions. The object of this paper is to share the experience
gained from the collected performance parameters of the in-
stalled SR IIPV bike path in The Netherlands after one opera-
tional year.

B. Installed Solar Road Infrastructure Integrated Photovoltaic
Bike Path in The Netherlands

The SR bike path installed at Krommenie, the province of
North Holland, is shown in Fig. 1.

The green cabinet toward the right of the image houses
the grid-connected inverters. All relevant computations offered
in this paper are corresponding to the location coordinates
52.494◦ N, 4.7666◦ E. Furthermore, the influence of static shad-
ing is incorporated in the model by means of horizon images
taken at the location. In this respect, the SR can be subdivided
into three zones covering a third of the road each. Horizon im-
ages indicated the maximum impact of static shading in Zone 3.

Fig. 2. Geometrical and electrical layout of the installed SR bike path.

II. SYSTEM DESCRIPTION

The SR bike lane consists of 27 precast concrete elements, of
which one half is equipped with solar modules and the other half
is a conventional concrete surface. Each of these elements have
two modules, making a sum of 54 modules. These polycrys-
talline silicon modules are endowed with 80 wafer-based cells
and exhibit a rated output varying between 293 and 313 Wp.

The schematic overview of the electrical system is shown in
Fig. 2. The total dc power produced by all the SR modules is
fed into six parallel-operating grid-connected inverters through
the module-level dc/dc converter.

If the predicted dc power is greater than multiples of individ-
ual inverter rating of 2.5 kW, the SR power output is redistributed
using an additional inverter. The theoretical energy yield esti-
mates provided in this paper include the input-power-dependent
efficiency curve of the 6× inverter system. Based on theoretical
estimations, it was found that the inverter performance is close
to its rated efficiency of 96% when the dc power produced by
the SR (total for all modules) is higher than 1 kW. The peak
predicted inverter power output was 10.5 kW.

III. THEORETICAL PERFORMANCE ANALYSIS

A. Global Irradiance at Installation Location

Corresponding to the azimuth and altitude of the sun for the
location, the theoretical incoming irradiance in terms of both
direct and diffuse components (W/m2) is calculated for every
minute of the year 2015 [26], [27].

The direct irradiance varies based on different cloud cover
and rainfall and can be represented by the Linke turbidity factor
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Fig. 3. Theoretically computed horizon-free global horizontal irradiance for
the year 2015 at Krommenie.

(TL ). Some information with description on this factor at AM 2
is provided in [26]. TL was incorporated in the corrected model
by using the duration of rainfall (RD ) for varying the turbidity
factor in four intervals given by

TL =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

3.5, if 0 < RD ≤ 10

4, if 10 < RD ≤ 20

5.5, if 20 < RD ≤ 30

6.5, otherwise.

(1)

The diffuse irradiance is dependent on the diffuse angular func-
tion and the diffuse transmittance function, and these parameters
are dependent on the altitude of sun. For more details on devel-
oping the irradiance model, see [28] and [29]. Fig. 3. shows the
contour plot of theoretically computed global horizontal irra-
diance incorporating both direct and diffused components for
Krommenie in the year 2015. The results were validated using
the KNMI database for this location.

It can be observed that the irradiance is maximum between
10:00 A.M. to 2:00 P.M. throughout the year. Prominent disrup-
tions in the contour lines during the months of July and August
are due to higher turbidity factor in relation to (1). The maximum
incident global irradiance is 876 W/m2. The horizon-free inso-
lation received by the SR for the year 2015 is 1038.8 kWh/m2

with average sun hours of 2.84 per day.

B. Shading

The theoretically computed global irradiance is subject to
static and dynamic shading. The Meteonorm software is used
to determine the influence of static shading due to surrounding
structures and trees. The SR pathway was divided into three
zones of nine elements each. An image of the horizon was taken
for each zone, and the mean of the sun hours experienced was
computed to be 2.81, that is, a 1% reduction in irradiance due to
static shading. The impact of dynamic shading due to the move-
ment of bikes and surface dirt accumulation was not included in
the theoretical model, which is, therefore, a contributing factor

Fig. 4. Component layers of an SR element.

Fig. 5. Transmittance of light through the antiskid layer as a function of
wavelength at different angles of incidence.

for deviation of this model in comparison with the measured
data presented in this paper.

C. Transmittance Characteristics of the Antiskid Layer

The structure of an SR element is shown in Fig. 4. Individ-
ual layers and the location of thermocouples for temperature
measurements are depicted.

The antiskid layer is installed at the topmost surface of the
SR to provide adequate friction to the above moving wheels.
This layer is not present in conventional rooftop PVs, and there-
fore, its optical properties influence the thermal and electrical
performance of the SR. The transmittance of light through the
antiskid layer was measured using the PerkinElmer Lambda 950
Spectrophotometer and estimated by following the mathemati-
cal approach described in [31], as shown in Fig. 5.

From our measurements and subsequent estimations based
on [31], it was concluded that the antiskid layer is isotropic, with
average spectral transmission decreasing from 73% to 45%, as
the angle of incidence increased from 0◦ to 75◦.

D. Thermal Behavior of a Solar Road Element

Since the PV modules are sandwiched between the antiskid
layer on the top and the concrete slab at the bottom, the thermal
behavior is different than conventionally installed modules. The
additional antiskid layer on top alters the fraction of irradiance
reaching the cell and, therefore, affects the temperature of the
module.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 22,2020 at 12:37:55 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 6. Measured and estimated module temperatures. (a) Typical day in
January. (b) Typical day in June.

As the PV module is installed below the ground surface, there
is no convective cooling on its rear surface and reduced on the top
surface due to the antiskid layer. Furthermore, the ground acts
as a massive heat sink through the underlying concrete slab. The
development of a detailed thermal model was deemed necessary
not only to ensure that the SR element was operating within the
thermal limits, but also to estimate the electrical performance
deterioration due to the rise in operating temperature.

The principle of energy balance is used to estimate the 1-D
heat transfer along the depth of the SR element [29]. Since the
thermal time constant is about 7 min, the temperature of the
module is determined every 10 min at the steady state [30].
Therefore, the thermal capacitance of the SR components is
neglected. Considering the entire SR element as one block, a
preliminary estimate is presented in a previous work by the au-
thors [27]. The key difference in the temperature results shown
in the present work is that the 1-D heat flow energy balance
equations are applied for each layer of the SR shown in Fig. 4,
represented by their thermal resistances. Furthermore, the mea-
sured optical properties of the antiskid layer discussed in the
preceding section are used. The estimated module temperature
is directly proportional to the irradiance with a maximum of
63.60 ◦C at about 1000 W/m2. A comparison of the estimated
and measured module temperatures for a typical winter and
summer day is shown in Fig. 6.

It can observed that the peak estimated temperature is lower
than that measured in the month of January, when typically
low peak irradiance and ambient temperature is expected. In
June, on the other hand, the peak of the estimated temperature
is significantly higher than the measured value. During this
month, a high irradiance and ambient temperature is expected.
This mismatch is expected due to several factors. Among them,

Fig. 7. Estimated SR module efficiency evaluated throughout the year 2015
as a function of the estimated irradiance and operating temperature.

the main is the noninclusion of the impact of thermal inertia on
the development of the thermal profile.

From the linear regression on hourly estimated and measured
temperatures for the entire year of 2015, it was concluded that
the theoretical model tends to overpredict the module temper-
ature for higher irradiance level and underpredict it for lower
irradiance levels. From this, it can be inferred that the detrimen-
tal effect of temperature on the theoretical average operating
efficiency would be overestimated as compared with the mea-
sured value. In other words, it is important to note that the
mismatch in the predicted module temperature would result in
the reduction in the theoretical overall annual energy yield used
as a benchmark for comparing the operational performance.

E. Theoretical Efficiency and Energy Yield

The module efficiency depending on time-varying estimated
irradiance and operating temperature is shown in Fig. 7.

In the figure, the region with a red shade represents the time
zones with high operating efficiency. The lighter blue area is
where irradiance has fallen to zero, and hence, the SR is not
generating power. A clear dependence of efficiency on the ir-
radiance levels can be observed from the contour lines. In fact,
the contour lines resemble the solar path during the year for the
installation site. Few instances of lower efficiency within the
innermost contour (10:00 A.M to 2:00 P.M in the months of June
and July) are due to high operating temperature. The maximum
estimated efficiency attained by the PV module is 12.10%. The
maximum predicted module dc power output is 243 W, which
is achieved during maximum irradiation condition at the instal-
lation site.

The power injected into the ac grid was computed for the SR
interfacing electrical system and simple control rules described
in Section II. The operating power-dependent efficiency of the
inverter system was modeled in accordance with the method
described in [29]. The annual energy yield of the SR was the-
oretically estimated at 92.86 kWh/m2, with an effective cumu-
lative annual efficiency of 9.08% as seen from the ac grid. This
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Fig. 8. Comparison between the measured energy and the predicted energy
for the year 2015.

translates to an annual yield of 712 kWh/kWp, which is slightly
lower than the expected range of 750–900 kWh/kWp typical for
PV installations in The Netherlands. Despite this number being
relatively lower than build-added PV systems (i.e., optimal tilt
and orientation), it is still appealing as coming from an area with
PV potential otherwise left unused.

IV. COMPARATIVE ANALYSIS WITH EXPERIMENTAL DATA

The annual energy yield measured for the year 2015 is
78 KWh/m2, and the energy yield predicted from the perfor-
mance model is 92.86 kWh/m2, resulting in overestimation by
16%. Fig. 8 shows the monthly predicted and measured energy
yield.

The measured energy yield for June is low despite the maxi-
mum irradiance received in this month. This is mostly because
the SR was shut down for a week during this period. In addition,
other reasons for the difference between measured and predicted
energy yield are highlighted in the following.

1) Model limitations: Some mismatch between prediction and
measurements is expected due to deviations in assumptions (ma-
terial properties, shading, neglected thermal inertia, among other
things), imprecise inputs such as ambient temperature and wind
profile, and limited ability to represent reality through mathe-
matical models. For instance, it was inferred in Section III-D
that the mismatch in the predicted module temperature would
result in the reduction in the theoretical overall annual energy
yield used as a benchmark for comparing the operational per-
formance.

2) Error in irradiance prediction: In calculating the energy
yield, the global irradiance at the installation site based on sun’s
position over the site was used. When the actual on-site irradi-
ance measurement was used, the predicted yield decreased by
2% to 91 kWh/m2.

3) Dynamic shading and shutdown: Dynamic shading corre-
sponding to partial coverage of SR elements due moving bikes
also leads to a difference between the measured and predicted
yield. It is difficult to model because of its dependence on the

TABLE I
PARAMETERS OF CONSIDERED PV MODULES [32]

traffic behavior in terms of the number of bikes, speed of move-
ment, and daily/seasonal patterns. Furthermore, deviation due
to operational shutdowns (both scheduled and contingent) is
also possible. These operational aspects have an important in-
fluence on the cumulative efficiency that must be factored in at
the planning stage of the installation. As an example, the detri-
mental effect of dynamic shading increases with irradiance. This
means that compared with the peak of the traffic pattern, the flow
profile during periods of high irradiance should be considered.
Such best practices are expected to standardize with the market
maturity of SR technology.

4) Individual element performance: Comparative perfor-
mance analysis based on measurements from individual mod-
ules is beyond the scope of this work due to data confidentiality.
One of the best performing modules (Module number # 23) had a
cumulative energy yield within 5% of the predicted yield. Thus,
a benchmark energy yield of 85–90 kWh/m2 is a reasonable
expectation.

5) Long-term performance: Further research is needed to
ascertain the long-term performance of the SR elements with
operational wear and tear, including, but not limited to, soil-
ing. The knowledge will influence the decision on maintenance
requirements of this technology.

The energy yield and the thermal profile benchmarks offered
thus far are specific to PV cell technology and the installation
site for the SR project. Consequently, the expected benchmarks
may change if the in-module PV conversion cell is changed
or the installation site is different, thus influencing the choice
of inherent components of the SR technology. The subsequent
section provides some insight on such considerations.

V. SOLAR ROAD AROUND THE WORLD

The extensive study detailed in Sections II–IV is further ex-
tended to examine the performance of the SR when: 1) used
with different PV technologies; and 2) implemented at various
locations around the world. Three main PV technologies
were considered for this study, viz., polycrystalline silicon,
monocrystalline silicon, and copper indium gallium and sele-
nium (CIGS). Table I shows the module-level parameters for
sample PV modules based on the above-mentioned PV tech-
nologies. Relevant datasheets can be accessed from [32].

The locations chosen for the study are Chicago (USA), Doha
(Qatar), Brazzaville (Republic of Congo), Mysore (India), and
Brisbane (Australia). Krommenie has been retained as a location
in the study for comparative reasons. The meteorological data
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TABLE II
ESH AROUND THE WORLD INCLUDING THE ANNUAL ENERGY YIELD PER

UNIT AREA FOR CONSIDERED TECHNOLOGIES

PC = polycrystalline, MC = monocrystalline.

for ambient temperature, wind speed, and rainfall were obtained
from the “System Advisory Model” database [33] and from the
National Oceanic and Administrative Association [34].

The energy yield per unit area of these different technology-
based modules was evaluated based on the models and method-
ologies explained in Section III. That is, the same composition,
optical, and thermal properties as that of the SR in Krommenie
were considered for evaluating the energy yield per unit area at
different chosen locations. Table II outlines both the evaluated
annual energy yield per unit area and the equivalent sun hours
(ESH). While the ESH is purely a measure of the insolation
available at a particular place, the energy yield per unit area is
a measure of both the meteorological conditions of the place as
well as the PV technology performance.

As seen in Table II, the monocrystalline technology in Braz-
zaville performs the best out of all the technology–location com-
binations. It can be inferred that the PV technology with higher
efficiency in a region with higher ESH exhibits a higher en-
ergy yield. However, the incident irradiance (or ESH) does not
necessarily provide a complete picture when estimating a PV
module’s performance. This is because the module temperature
can play a vital role in determining the operational efficiency.
High module temperatures can cause a significant deviation
of operational efficiency from the standard testing conditions
(STC)-rated efficiency, as seen in Fig. 7. Therefore, the energy
yield is not the best parameter to purely evaluate the technology
performance at a particular location.

To determine the impact of the diurnal variation of irradiance
and the operating temperature on the performance of different
PV modules, the module identity factor (MIF) is used. The
MIF can be defined as the factor that indicates the proportion
of the estimated PV yield actually available in the duration of
interest [35]. The mathematical relation for the MIF is shown
as follows [35]:

MIF =
Energy yield with varying operating efficiency × 100
Energy yield with constant (rated) operating efficiency

.

(2)

The greater is the value of the MIF, the lower is the reduction
in performance of the technology due to the thermally induced
and/or irradiance losses. That is, a MIF value of 100% indicates
that the module of the given PV technology performs constantly
at the STC-rated efficiency. Fig. 9 shows the variation in per-
formance of different PV technologies at the chosen locations

Fig. 9. Comparison of MIF values calculated for different PV technologies
over various locations around the world. KR = Krommenie, CH = Chicago,
DO = Doha, BZ = Brazzaville, MY = Mysore, and BR = Brisbane.

Fig. 10. Comparison of average module temperature values calculated for dif-
ferent PV technologies over various locations around the world. KR = Krom-
menie, CH = Chicago, DO = Doha, BZ = Brazzaville, MY = Mysore, and
BR = Brisbane.

in terms of the MIF factor, while Fig. 10 shows the variation in
the average module temperatures.

It can observed that the CIGS module has the largest re-
duction in performance, even though it has a slightly better
thermal coefficient as compared with polycrystalline module
(see Table I). This is due to higher operating temperatures lead-
ing to lower efficiency.

The location with the highest ESH, i.e., Brazzaville, also has
the least MIF value across all the considered PV technologies.
This is because the higher irradiance values are also accom-
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panied by the higher module temperature values experienced
by the PV technologies in the location (see Fig. 10). Simi-
larly, Kromennie, despite the enjoying the least ESH, exhibits
the highest MIF value owing to the smallest average module
temperature. From the considered PV technologies, monocrys-
talline performs the best due to the higher operating efficiency
with lower sensitivity toward temperature.

Thus, it is seen that the MIF value can give insight into the
thermal performance of the particular PV technology module for
a given location. Additionally, it is concluded that for SR condi-
tions, while monocrystalline silicon is the best of the three con-
sidered technologies, in terms of the thermally induced losses,
Krommenie is the optimal location choice.

VI. CONCLUSION

The measured performance of the installed SR in Krommenie,
near Amsterdam, is in agreement with the theoretically pre-
dicted results. The measured cumulative annual energy yield
was 78 kWh/m2, which is about 16% yield lower than ex-
pected (93 kWh/m2). Several factors explaining this difference
were highlighted, such as model limitations, irradiance pre-
diction error, unaccounted dynamic, and operational shutdown
losses.

Based on the best performing module, which was within 5%
of the predicted yield, the benchmark annual energy yield ex-
pectation for SR technology is set at 85–90 kWh/m2, specific
to the installation site. This number is smaller than the typical
electricity yield of optimized build-added PV systems, but is ap-
pealing due to the usage of area with PV potential otherwise left
unused. With market maturity, the target should be to improve
this number. As compared with other roadway energy harvest-
ing technologies, the high power and energy density potential
and flexibility of energy use through grid-connected operation
should be explored.

In addition, using more efficient monocrystalline cells, the
annual yield can theoretically be improved by about 1.5 times
for the same location as compared with polycrystalline. Cost
tradeoffs are relevant, but beyond the scope of this work.

From the point of view of the MIF, Krommenie performs the
best in terms of thermally induced losses. Again, the monocrys-
talline cell outperforms in terms of both the absolute value of
the MIF and the temperature-dependent swing with high ESH
locations.

For the same PV cell technology, significantly higher annual
energy yields (about two times) can be obtained for locations
such as Doha, Brazzaville, Mysore, and Brisbane as compared
with Krommenie. CIGS cells show the highest operating tem-
peratures, lowest MIF and the maximum temperature dependent
swing in location specific MIF. Monocrystalline technology of-
fered the highest yield at lowest operating temperatures. It is
not unreasonable to expect location specific annual yields in the
upwards of 150 kWh/m2 with SR technology.
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Košice, Slovakia, in 1985, and the Ph.D. degree in
dynamic analysis of ac power converters from the
Delft University of Technology, Delft, Netherlands,
in 1995.

Since 2016, he has been a Full Professor with the
Department of Electrical Sustainable Energy, Delft
University of Technology, where he is the Head of the
DC Systems, Energy Conversion and Storage Group.
He has worked on many projects in collaboration with

industries for developing smart cities with photovoltaic charging of electric
vehicles, photovoltaic storage integration, and contactless charging.

Olindo Isabella received the Ph.D. (cum laude) de-
gree in light management in thin-film silicon solar
cells from the Delft University of Technology, Delft,
The Netherlands, in 2013.

Between 2011 and 2012, he was a Visiting Re-
searcher with the National Institute of Advanced In-
dustrial Science and Technology, Tsukuba, Japan,
where he worked on high-performance thin-film a-
SiGe:H absorbers for multijunction applications. He
is currently an Associate Professor in the Photovoltaic
Materials and Devices Group, Delft University of

Technology, where he supervises optoelectrical device modeling activities, novel
concepts of light management, the development of high-efficiency solar cells
based on crystalline silicon and thin-film silicon technologies, and advanced
power modeling for custom photovoltaic systems.

Miro Zeman received the Ph.D. (cum laude) degree
in amorphous silicon from the Slovak University of
Technology, Bratislava, Slovakia, in 1989.

In 2009, he became a Full Professor with the Delft
University of Technology, Delft, The Netherlands,
where he leads the Photovoltaic Materials and De-
vices Group and is the Head of the Electrical Sus-
tainable Energy Department. He is a leading expert
in light management, modeling, and development and
application of novel materials and nanostructures in
silicon-based solar cells.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 22,2020 at 12:37:55 UTC from IEEE Xplore.  Restrictions apply. 

https://sam.nrel.gov
https://sam.nrel.gov
http://www.ncdc.noaa.gov


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




