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Abstract

Energy generation using solar photovoltaic requires large area. As cost of the land is growing day by day, there is a
strong requirement to use the available land as efficiently as possible. Here, we explored the potential of energy
generation using the land above national road highways by constructing a roof structure. This space can contribute
to the energy generation without extra cost for the land. It also results in energy efficiency, for example, improved
vehicle movement and minimum energy for air conditioning of vehicles. Additionally, it also helps in minimum
road repairs and longer vehicle tire life due to the effect of sun shade. Thus, the expenditure for wear and tear for
road repairs is reduced considerably. From our modelling study, it is observed that the Ahmedabad-Rajkot highway
can generate 104 MW of electricity (163 GWh of annual energy generation) and the Ahmedabad-Vadodara highway
space can generate 61 MW of electricity (96 GWh of annual energy generation) for single-layer solar panels. If there

reduced CO, emission in environment, etc.

Employment generation

are two layers of solar panels one over the other, the annual energy generation of the same highways,
Ahmedabad-Rajkot and Ahmedabad-Vadodara, can be increased to 229 GWh and 140 GWh, respectively. If our
concept is implemented throughout India, it not only increases the power generation to more than a few
gigawatts of electricity but also has other various fringe benefits including longer road life, employment generation,
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Background

Many island countries, for example, Fiji islands, Papua
New Guinea, etc., are still suffering from the use of any
kind of electricity system. Due to poor resources, they
all depend on fossil fuel, mainly diesel, for electricity
generation. In fact, 85% of their total electricity produc-
tion is being generated mainly using diesel generators
[1]. In recent years, energy conservation measures are
on the rise. Every nation is looking at the various re-
sources available and plans to use them more optimally
to get the best out of them. For example, in a recent de-
tailed study in Nigeria, several measures are suggested
on the energy use in ventilating equipment, lighting,
electrically operated industrial machines and engines,
design for energy-efficient buildings, etc. for energy sus-
tainability [2]. Our study also aimed at the same
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direction but aimed to effectively use the existing na-
tional highways for solar energy generation.

Solar photovoltaic (PV) is already a proven technology
for energy generation [3]. Worldwide, the grid-connected
solar PV continued to be the fastest growing power gener-
ation technology [4,5], with a 55% increase in 1 year with
a cumulative installed capacity of 3.1 GW in 2005, up
from 2.0 GW in 2004 [6]. In a similar way, the Indian solar
energy sector has been growing rapidly, for the past few
years, mainly due to the government's initiative such as
tax exemption and subsidies. The other factors are the
country's geographical location and huge gap between en-
ergy demand and generation. All these factors are oppor-
tunities for India to become one of the most rapidly
emerging solar energy markets in the world. The govern-
ment of India is ambitious about its national solar mission
that targets to achieve 10,000 MW by the year 2017 and
20,000 MW by the year 2022 [7]. To reach this target, one
requires many innovative ways including an attractive na-
tional policy for solar industries. Looking at the grid-
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interactive power generation, the total installed capacity of
grid-connected solar power as of June 2011, which is the
cumulative capacity based entirely on PV technology, is
39.6 MW and 979.4 MW in April 2012, and off-grid cap-
acity is 85 MW [8]. This shows that the total cumulative
solar capacity has increased 25 times in less than a year
due to thrust on solar power. From the study growth of
photovoltaic in India, on an average, about 45% annual in-
crease is noticed during the years 2000 to 2009. If we look
at the state-wise grid-connected solar power generation,
Guyjarat alone contributed to a total of 654.8 MW. This
shows that the government of Gujarat is contributing
more than 65% grid-interactive solar power generation
[9,10]. Fortunately, the state of Gujarat is located in the
sunny belt (2,000 kWh/m?) with a clear bright weather
for 250 to 300 days per year and receives maximum an-
nual global radiation [11]. More importantly, Gujarat has
attracted many industries with its proactive policies and
firm commitment.

From the study of cost economics of a solar photovol-
taic power plant, the PV module cost is about 45% and
that of the other accessories like transformers, cables,
inverters, civil works, etc. comes to about 55% [12].
Additionally, the cost of the power plant also depends
on the land value. As the cost of solar photovoltaic is
continuously decreasing, the major challenge now lies
on the land cost. Land is becoming a scarce resource in
India in recent years, and per capita land availability is
low [6]. Land is often considered as the topmost chal-
lenge for deploying solar energy technology [13]. In view
of the above, our study is based on using the available
land in an effective way. Towards this direction, national
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highways are studied for energy generation using solar
photovoltaic technology. To demonstrate our approach
on the use of land and its solar potential, two areas,
namely Ahmedabad-Rajkot national highway road and
Ahmedabad-Vadodara national expressway, are taken for
modelling. Our concept in the form of a schematic dia-
gram is shown in Figure 1. The total span of the
Ahmedabad-Rajkot national highway is 205 km, and that
of the Ahmedabad-Vadodara national express highway is
93 km [14,15]. For the purpose of modelling, we have
used two software programs - Google Earth Pro and
PVsyst simulation softwares [16,17].

There are other approaches and methods of using
solar photovoltaic technology on highways, for example,
using solar-powered LED roadway lighting [18], security
lighting, highway changeable message [19], etc. Although
these are very important applications, in terms of power
generation or power saving, they are almost negligible in
comparison to the approach that we have suggested in
our paper. Also, one can see the cost-oriented modelling
and design optimization for alignment [20] to determine
operation and engineering cost of the highway.

The rationale behind the proposed study is to explore
the effectiveness of using the national highway and to
enlarge all the factors to generate energy. The additional
advantage of using the space above the road highways
for installation of solar panels is the shading on the
roads. This results in improved vehicle efficiency by re-
ducing energy losses due to heat inside the vehicle [21]
and also improves the life of the tires of all vehicle
wheels due to the shade derived from the road. Combin-
ing, the two will result in both improved economy by

Figure 1 A schematic layout of the national highway.
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energy generation and improved efficiency of the vehicle
at the same time. One more advantage of the shade over
the road is the life of the road and reduction of the cost
due to road maintenance. It is a usual phenomenon on
many roads that soon after the rains, pot holes usually
develop. This will become a history if all roads are pro-
vided with solar panels above them.

Our study thus proposes a new idea on the effective
use of roadways and also an opportunity to meet the
major challenge for the industry, i.e., land availability for
the grid-interactive solar power plants. Although our
study shows many advantages, one needs to take a few
extra measures for proper implementation. For example,
one needs to take care of fixing the solar panels to the
base firmly onto the structure. Fixing the solar panels at
an elevated location, say about 9 to 10m above the
ground level, is vulnerable to heavy wind during the
storm or rainy days. It may pose a problem for the sta-
bility of the solar panels as compared to the ones close
to the ground. With extra care of fixing, the panels may
overcome this problem. Another problem may be from
the dust and smoke particles due to movement of the
vehicles. However, as many national roadways are wide
and generally much cleaner than other roads, for ex-
ample, village roads, narrow city roads, or state roads, in
any case, one needs to make special arrangement of
cleaning the panels on a daily basis as compared to nor-
mal panels on the ground away from the road traffic or
remotely located panels, where cleaning of panels is
done once in a week or 10 days. If all or most of the ve-
hicles follow the Euro standards as regards to smoke
emissions, then there will be less pollution problems re-
lated to vehicular traffic on the panels. Thus, although
there are a few issues to be considered if one follows the
ideas of our present study, the disadvantages can be
tackled with proper planning - mainly on firm fixing of
the panels and regular cleaning of the solar panels.

Methods

The modelling of our present study is done through
PVsyst and Google Earth Pro software programs. Before
presenting the methodology, brief details of the software
are presented in the following.

The software programs

Among various software programs, PVsyst simulation
software is popular to analyze the detailed performance
of the solar plant in field conditions. It can be used in
many ways, for example, to investigate the different
loads on the system, to estimate the size of the system,
to determine the optimal size of the panel, to assess the
energy production in the system, etc. The other various
capabilities and options available in the PVsyst software
simulation can be seen in [17]. PVsyst, a PC-based
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software package, can also be used to study the sizing
and data analysis of complete PV system. It is used for
different designs and sizes of the system. It can evaluate
monthly production and performance. It also performs
economic evaluation of the PV system at the design
stage itself. Its application performs detailed simulation
and also shading analysis according to several dozens of
variables.

Google Earth is a popular software to view satellite im-
agery, maps, terrain, 3D building, etc. and for research
studies [22-24]. It also provides tools to analyze and ex-
plore places with realistic views of an area and naviga-
tion through directions. The different features and high
quality of satellite maps [25] available through Google
Path allow navigating through the Earth, finding ad-
dresses and location, marking location, etc. It is also
helpful in obtaining the coordinates of different loca-
tions. The other various capabilities and options avail-
able can be seen in [16]. This can be used by linking the
data with GIS software. Another better way of studying
is to use the more advanced version of Google Earth -
namely ‘Google Earth Pro.” This is used in our study for
more accurate results. With high-resolution imagery, it
offers a comprehensive geospatial database for roads and
historical imagery. One can visually see the surface of
the Earth with all the field information. This is a very
useful feature as one can get the field information with-
out actually visiting the location. Since our present study
is more of a regional nature, Google Earth Pro is found
to be suitable in our study. Google Earth Pro, with the
integrated measurement and drawing tools, is also used
for radius and area measurement. Thus, this software
helps for identification of thick vegetation, bridges, and
unusable road locations with its dimensional parameters.

Figures 1 and 2 show a schematic diagram prepared to
show an example of a typical national highway. Each
lane width is 3.5 m as specified by the National Highway
Authority of India [14] and ground-checked by the au-
thors. The roadside plantations with trees are also shown
symbolically in the figure. One can design different con-
figurations based on the area available on the road and
the size and technology of the solar panel as detailed
below.

In the following, details of the two national highways,
namely Ahmedabad-Rajkot and Ahmedabad-Vadodara,
are presented.

Details of the sites

Figure 3 shows the Ahmedabad-Rajkot national highway
road map with small towns on its way. For modelling,
the potential of solar energy generation using solar
photovoltaics, an area of about 1,355 m? is chosen for
the four-lane road. More details are given in Table 1.
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Figure 4 shows the Google map for the Ahmedabad-
Vadodara national express highway. The same area as
before has been used for computation to find out
the potential of solar energy generation using solar
photovoltaics.

For the modelling part, we have chosen the four-lane
Ahmedabad-Rajkot national highway and six-lane
Ahmedabad-Vadodara expressway (four-lane highway
with two service roads) for finding the potential of solar
energy generation. The total span of the Ahmedabad-
Rajkot national highway length is 205 km. Each lane on
the national highway has a width of 3.5 m [26], and thus
for two lanes, the total width is 7m. For both sides (to
and fro), the total width available for solar panels above
the road is 14m. The width of the road has been also
measured by the authors with measurement tapes from
various places along the national highway. This also
helps to measure the accuracy of Google Earth Pro
software for modelling purposes. Similarly, for the
Ahmedabad-Vadodara express highway, the span of the
road is 93 km in length [14,15]. The width of the express
highway is 20 m, out of which 14 m is for the two-lane
national express highway. Additional 3 m is the extra
road available on both sides of the national express high-
way or service road. This is again verified and ground-
checked by the authors while travelling all along the
national highways and measuring road width using
measurement tapes. Additional information on the na-
tional highways is also provided from virtual observation
of the road using Google Earth Pro software, for ex-
ample, the lengths of the road unavailable due to certain
environmental reasons like bridges, crossing, unusable

road, thick vegetation, etc. These parts have been identi-
fied with high resolution with high accuracy in measure-
ments [16] using Google Earth Pro software modelling
without actually making the ground observation (but
verified on various different places by travelling all along
the national highway). More information on these as-
pects is shown separately in Annexure I in Additional
file 1 for the Ahmedabad-Rajkot national highway and
Annexure II in Additional file 1 for the Ahmedabad-
Vadodara national express highway

The data

For the grid-connected system, the basic input parame-
ters required for modelling are PV component database,
grid inverter database, geographical site information, and
monthly meteorological data for horizontal global irradi-
ance and temperature. In the present study, a silicon-
polycrystalline module Titan 24—100 of the Titan Energy
systems (Secunderabad, Andhra Pradesh, India) has been
used. Each solar module has a maximum power output
of 100 W. For the grid inverter, Sputnik Solarmax 50 C
(Langgasse, Bienne, Switzerland) has been used that
works on a 50-Hz frequency, a voltage range of 430 to
800 V, and a power rating of 50kW as one unit for our
calculation. The unit considered here is extended to the
entire length of the highway. The meteorological data
are acquired from METEONORM version 6.1.0.23
(Fabrikstrasse, Bern, Switzerland) [12,27].

In Table 1, the information with more details for the
solar panels such as solar module technology, power rat-
ing, and related module specifications for a 50-kW
photovoltaic system is provided. This is considered as
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Figure 3 Ahmedabad-Rajkot national highway shown using Google maps.
A\

Table 1 Details of 50-kW solar photovoltaic system for PVsyst software, a unit considered for national highway

modelling

Parameters

Specifics

Number of modules
Area of the field(land)

Dimension of the solar panel (length) above the road
Dimension of the solar panel (width) above the road

Active area of the modules (sensitive PV area)
Maximum power generation capacity (at peak solar radiation, i.e., 1,000 Wp standard)
Energy supplied to the grid (kWh)
Module tilt
Separation between rows of solar panel
Orientation of the panels

Solar module technology

504

1,355 m? (approximate)

89 m (for Ahmedabad-Rajkot highway)

70 m (for Ahmedabad-Vadoda
17 m (for Ahmedabad-Rajkot

ra highway)
highway)

23 m (for Ahmedabad-Vadodara highway)

423 m? (each module length 1.29 m and width 0.65 m)

50 kW
78,074
23°N
25m
Exactly south
100-W silicon polycrystalline of Titan

Energy systems
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Figure 4 Ahmedabad-Vadodara national express highway shown using Google maps.

one unit for the purpose of calculation, which will be ex-
tended for the entire length of the highway. Accordingly,
504 numbers of modules are used for both Ahmedabad-
Rajkot national highway (four lanes) and Ahmedabad-
Vadodara highway (four lanes wo service roads). The
panels are tilted at an angle of 23°. This tilt is chosen
equal to the latitude for the Ahmedabad site (23.067°).

Solar panel orientation

It is well known that the highest amount of energy gen-
eration can be produced through solar photovoltaic
panels oriented exactly to the south in the northern
hemisphere [28,29]. Also, if the orientation of the solar
panel is other than south, then the amount of energy
generation is less. The orders of decrease in energy gen-
eration for different directions are the East, the West,
and the North, based on the compilation of a 50-kW
system using PVsyst software [17]. We suggest that the
panel orientation should be taken extra care while de-
signing the mounting of panel; this helps to utilize en-
ergy available from solar panel as maximum as possible

by keeping the orientation towards the south direction.
As described before, due to the limitation of the PVsyst
software, the simulation is considered only for 50 kW, a
small area covering the national highway roads.

In Figure 5, the solar panel design configuration con-
sidered for our study of the Ahmedabad-Rajkot highway
is shown as a schematic diagram, for two lanes. As de-
scribed earlier, the width of the lane is 3.5 m for a multi-
lane national highway [26] and the same is considered in
our model study. Considering the width of the two lanes
of a national highway, the schematic diagram shows a
7-m width of solar panels for each of the four lanes with
a separation gap between the roads for tree plantation,
etc. of 3 m, as shown in Figure 5. This configuration is
computed using PVsyst simulation software in order to
get the total solar energy generated from the panels on
the four lanes. As a sample, 84 solar modules in each
single row of, say, X direction (lengthwise) and a series
of six rows of solar panels in another, say, Y direction
(widthwise) are considered. Based on the dimensions of
the Ahmedabad-Rajkot highway, these possibilities of
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Figure 6 A design configuration for Ahmedabad-Vadodara national express highway used for simulation using PVsyst
simulation software.
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keeping solar modules are chosen. Such a design is arbi-
trary but helps to compute the parameters quickly. This
configuration approximately provides a maximum of 50
kW of power output from PV modules. However, the re-
sults from this model can be extended to any length of a
national highway as required.

This design configuration suggested in our study
requires a rigid structure for the photovoltaic panel
mounting. The type of structure is based on the number
of solar panels for installation in the available area. For
example, for the four-lane Ahmedabad-Rajkot national
highway, 84 modules of 100 W each can be configured
in one row, and thus, six such rows in 14-m width of
the road require 504 modules for 89-m length along the
road. Such a design is arbitrary and can be varied de-
pending on the size and power rating of a particular
photovoltaic technology.

In the same fashion, Figure 6 shows a schematic layout
for the photovoltaic installation over the Ahmedabad-
Vadodara national express highway. Similar to the
Ahmedabad-Rajkot highway, we have chosen (9 + 9)
modules widthwise and 56 such rows (28 + 28) with a
separation of 2.5 m between rows of the modules from
the module-to-module shading calculation. It is ob-
served that the height of the module is 1.69 m; a total of
504 such modules of the same size with 100-W capaci-
ties can be configured along the Ahmedabad-Vadodara
express highway that has a width of 23 m (10 + 10 + 3
m). Such a design is arbitrary and can vary depending
on the size and power rating of a particular photovoltaic
technology being used.

The different schematic configurations shown for
the Ahmedabad-Rajkot national highway and the
Ahmedabad-Vadodara express highway are necessary
due to different orientation directions of the road. It
may be noted that most parts of the Amedabad-Rajkot
route is oriented towards near the east-west direction
and for the Ahmedabad-Vadodara is near south-north
direction. Accordingly, the unit considered for modelling
using PVsyst software is the east-west direction for one
model and the north-south direction for another model.
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As shown in a schematic diagram, one needs to con-
struct a structure above the highway road using firm
RCC beams or stainless steel structure materials. These
structures as a roof probably with stainless steel cladding
provide a rigid structural support to the solar panel in-
stallations. Depending on the site location, one can con-
struct a structure avoiding the trees, thick vegetation,
level crossing, or other obstructing structures en route.

As an example, the effective energy at the output of an
array as a function of local time of a day for December
20 using meteonorm radiation data for Ahmedabad av-
eraged over a period of 20 years, 1981 to 2000, can be
seen [12]. The amount of effective energy supplied to
the grid per day as a function of time of the day is also
shown with the figure [12].

Modelling the national highways

In Table 2, we describe the various parameters and di-
mensions considered to estimate the solar potential
along the Ahmedabad-Rajkot national highway, i.e., the
length of the highway identified suitable or unsuitable
for the solar photovoltaic system installation as a roof of
the road for energy generation. As described earlier, it
has a length of 205 km with a two-way road (four lanes)
with a width of 14 m. Thus, the total area (Area =
Length xWidth) available for solar panel installation is
2.87 km?. Although the length of the highway is 205 km,
all along the highway, the road is not usable due to cer-
tain parameters, for example, environmental issues like
thick vegetation, bridges on ponds, or overhead bridges
for road crossings with other roads. We have also not
considered the portions of the road either under con-
struction or not clearly visible with the Google Earth Pro
software with high-quality resolution and clarity [16].
Accordingly, Table 2 shows that out of 2.87-km” total
area available on the Ahmedabad-Rajkot national high-
way, 0.2 km? is found to be unavailable or, say, inappro-
priate for installation of the photovoltaic system due to
certain factors as stated above. Hence, the effective
area available on Ahemdabad-Rajkot national highway
is 2.67 km?.

Table 2 Environmental constraints for Ahmedabad-Rajkot national highway

Serial number Issues/

Ahmedabad-Rajkot national highway

Ahmedabad-Vadodara national express highway

constraints for Length (approximate

Area (approximate

Length (approximate Area (approximate

installation km) km?) km) km?)
1 Unusable road 88 0.12 30 0.06
2 Bridges 09 0.01 3.1 0.06
3 Thick 7.0 0.01 1.0 0.02
vegetation
4 Road crossing 28 0.04 - -
Total 19.5 0.18 7.1 0.14

(approximately)
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Similar to the Ahmedabad-Rajkot highway, we have
considered the Ahmedabad-Vaododara expressway. As
described before, it has four lanes each with 3.5-m width
and additionally has a service road of 3-m width on both
sides of the road. The length of the expressway is 93 km
with a total available road width of 20m (4 x 3.5 + 2 x
3). Accordingly, the total area available for solar panel
installation is 1.86 km>. Out of the available area, a total
of 0.14 km? is unavailable due to the same environmen-
tal issues which have been discussed earlier for the
Ahmedabad-Rajkot highway. Thus, similar to the
Ahmedabad-Rajkot highway, the approximate effective
area available on the Ahmedabad-Vaododara express
highway is 1.72 km?.

Apart from the computation of solar potential for the
national highway using a series of solar panels mounted
on the road roof area, we have also considered two-layer
solar panel installations. In an earlier study [12], it was
demonstrated that two-layer solar panels one above the
other showed about 70% increase in solar potential. In
this context, it is of interest to observe the variation of
the output for a two-layer solar panel in two perpen-
dicular directions - one solar panel oriented towards
south and lying nine (in rows) along the east-west direc-
tion and the other solar panel oriented towards south
and lying nine (in rows) along the north-south direction.
Interestingly, a large variation is observed between the
two-layer solar panel configurations. The results are
presented in Table 3.
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Table 3 shows a comparative study with detailed infor-
mation of single- and two-layer solar panels for en-
hancement of energy generation based on the concepts
discussed in great detail in our previous paper [12]. The
results shown here are for all the solar panels oriented
towards the south direction. However, the distribution of
the rows are more towards the north-south direction in
one case and more towards the east-west distribution in
the other case as shown in the schematic diagrams
(Figures 5 and 6). Such configuration in modelling helps
to understand the results for the Ahmedabad-Rajkot
national highway (near east-west direction) and the
Ahmedabad-Vadodara (near north-south direction) ex-
press highway. The analysis and the results presented
are for different months and for the annual energy
generation. It can be seen that the two-layer solar
panel energy generation is more viable for the north-
south-oriented highways as compared to east-west-
oriented roadways. This is mainly due to the position of
the sun in the sky which moves from the east to the
west. Such moment casts more shadow on the east-west
-distributed rows of the solar panels as compared to
north-south-distributed solar panels.

Results and discussion

Based on the modelling results along the two national
highways, a few interesting observations can be made as
compiled in Table 4. Although the Ahmedabad-Rajkot
and Ahmedabad-Vadodara national highway lengths are

Table 3 Comparative study of two-layer solar panel system for different plans of horizon (south- and east-oriented

highways)
Month Annual energy generation by 50-kW solar panels spreading along east-west and north-south directions
(south-oriented solar panel) (kWh)
Single-layer solar panel Two-layer solar panel with separation between panels (m)
Tm 2m 3m
East-west North-south East-west North-south East-west North-south East-west North-south
January 7,308 7,308 8917 9,010 9,875 9,881 10,196 10,257
February 6,984 6,984 8,658 8921 9,862 10,072 9,765 10,045
March 7,874 7,874 9,227 9,642 11,092 11,677 11,861 12,425
April 7328 7328 7,930 8317 9,287 9972 10,343 11,098
May 7,089 7,089 7,605 7954 8422 9,082 9,110 99,12
June 5,730 5,730 6,350 6,582 7,069 7,494 7,536 8,063
July 4,531 4,531 5120 5274 5,783 6,035 6,179 6,464
August 4,587 4,587 5171 5359 5933 6,227 6,422 6,736
September 5,985 5,985 6,862 7,148 8,208 8,652 8,925 9,367
October 7051 7051 8,608 8,936 10,008 10,348 10,239 10,608
November 6,724 6,724 8,264 8422 9,238 9,301 9,334 9,435
December 6,883 6,883 8,297 8,291 9,144 9,041 9,808 9,702
Year (total) 78,074 78,074 91,011 93,856 103,921 107,782 109,718 114,112

The values shown are the annual energy supplied to the grid.
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Table 4 Megawatt power generation capacities at national highway routes chosen - Ahmedabad-Rajkot national

highway and Ahmedabad-Vadodara express highway

National highway Constraint parameters considered during modeling Length Installation Annual energy
of road capacity generation (GWh)
(km) possible N - N
(round (MW) Slmgle Two-layer
) ayer  solar panel
o solar with

panel  separation

1 2 3

m m m
Ahmedabad-Rajkot national Useful road = TotalAhmedabad-Rajkot road length? 205 115 180 210 239 253
highway Useful road = Total road — Unusable road® 196 110 172 201 229 242
Useful road = Total road — Unusable road — Portion of bridges® 195 110 171 200 228 241
Useful road = Total road — Unusable road — Portion of bridges — 192 108 169 197 225 237

Portion of crossing®
Useful road = Total road — Unusable road — Portion of bridges — 185 104 163 190 216 229
Portion of crossing — Portion of thick vegetation®

Ahmedabad-Vadodara Useful road = TotalAhmedabad-Rajkot road length® 93 66 104 125 143 152
national express highway Useful road = Total road — Unusable road® 90 64 100 121 139 147
Useful road = Total road — Unusable road — Portion of bridges® 87 62 97 117 134 142
Useful road = Total road — Unusable road — Portion of bridges — 86 61 96 115 132 140

Portion of crossing®

2See Annexure | in Additional file 1;°see Annexure Il in Additional file 1.

205 and 93 km, respectively, the effective length of the
highways for erecting the road rooftop structures for
placing the solar panels are 185.4 and 85.8 km, respect-
ively. This way of selection of the highways is based on
various factors as described earlier and also shown in
Table 2. From our modelling results, a 115-MW power
generation along the Ahmedabad-Rajkot national high-
way is possible. However, due to the environmental and
other restrictions, only a 104-MW electricity generation
is feasible. However, if we use innovative concepts of
two-layer solar panels one above the other, the energy
generation can be enhanced. If we compute the energy
generation for the whole year, the cumulative energy
that can be generated is 163 GWh. This computation is
based on the results shown in Table 4. For example, the
cumulative annual energy generation for a 50-kW sys-
tem is 78,074 kWh (Table 3). Accordingly, for a 1-MW
system, the energy generation is 1,561,480 kWh (78,074
kWh x 1,000 kW/50 kW) which is equivalent to 1.56
GWh.

For the Ahmedabad-Rajkot highway, the energy gener-
ated by a 50-kW system (Table 3) is 78,074 kWh and
the dimension for solar panel layout is 89 m x 17 m.
This means that a highway road with a width of 17 m re-
quires 89 m in length for 50-kW photovoltaic system in-
stallations; hence, for 1 MW (i.e.,, 50 kW x 20), the
required length of the highway, i.e., 89 m x 20, is equal
to 1,780 m (1.78 km). More clearly, one can say that by
maintaining the width of the road as 17 m, one requires
a 1.78-km length of the road to generate 1-MW power.

This value can be used to compute the potential for any
length of the road.

The total length of the Ahmedabad-Rajkot national
highway is 205 km, out of which the total effective
length available is 185.4 km (based on the computation
given in Table 2; 185.4 km/1.78 km), and 104 MW is
possible for the entire length of the highway. This way,
for 104-MW systems, the energy generation is 163
GWh. This is for a single-layer solar panel system. If the
solar panels lay one above the other with 1-m separ-
ation, the energy generation (Table 3) increases to 190
GWHh; for 2-m separation, it is 216 GWh; and for 3-m
separation, it is 229 GWh. One should note here that
these computations are based on 50-kW systems as one
unit and the direction of the national highway is oriented
exactly in the east-west direction. Similar computations
are shown in Table 4 for the Ahmedabad-Vadodara
national expressway. Here again, the computations are
based on 50-kW systems as one unit, and the solar
panels are distributed in the south-north direction.
Accordingly, 61-MW electricity generation is possible for
the Ahmedabad-Vadodara expressway, and 96 GWh of
cumulative annual generation is possible for single layer,
115 GWh for two layers of 1-m separation, 132 GWh for
2-m panel separation, and 140 GWh for 3-m separation,
as presented in Table 4.

Conclusions
In this paper, we have suggested, first time ever of its
kind, an approach to utilize solar energy to meet the
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global challenges like climate change, pollution, and en-
ergy insecurity [13] and also to address the biggest chal-
lenge for the photovoltaic technology, i.e. land cost.
Indian roads are paying a very vital role in the economy
through transportation, whose share has been increased
before 2000 only to 60% in total sharing of 40% with
railways [30]. This means that efficiency of the vehicle
and life of the road are equally important. Through this
paper, we are also answering some of these issues. It is
well known that the availability of land is becoming
more expensive and also becoming a rare commodity. In
view of this, our study proposed a new concept to use
the existing land in a more effective way. Towards this
direction, an attempt has been made for the possible use
of the national highways presently being used for trans-
portation only. Our suggestion is that they can also be
utilized for power generation. For this purpose, with
one-time investment, one can construct a simple ele-
vated structure covering the national highway roads. For
this purpose, we have considered two case studies, one
along the Ahmedabad-Rajkot highway and the other
along the Ahmedabad-Vadodara expressway. It may be
noted that the Ahmedabad-Rajkot highway is oriented
near the east-west direction and the Ahmedabad-
Vadodara expressway is oriented near the south-north
direction. Accordingly, using PVsyst software, solar panel
configurations have been constructed that have an area
equivalent to generate 50 kW of electricity. This is con-
sidered as one unit for computation to estimate solar
potential on a national highway to enhance the power
generation. We have also incorporated two layers of
solar panels that lie one above the other. Such an idea
has already been demonstrated on enhanced power
generation [12].

Using Google Earth Pro software, the national high-
ways are carefully scanned and the part of the road that
cannot be used for structural construction due to envir-
onmental and other factors has been deleted in the esti-
mation, and the details are given in Annexures I and II
in Additional file 1.

From the results of our study, 104 MW of electricity is
feasible along the Ahmedabad-Rajkot national highway.
It is observed that two-layer solar panels installed along
the national highway oriented towards south lying in the
south-north direction (this direction is the spread of
solar panels in rows) produce more energy as compared
to solar panels oriented towards south lying in the east-
west direction (this direction is the spread of solar
panels in rows) on the national highway. The results are
summarized in Table 3.

We can suggest that the same concept can be ex-
tended for use on the 52,584-km national and state high-
ways in India that have four lanes or more [14], for
example, the four-lane Golden Quadrilateral highway
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which is 5,839 km. The Golden Quadrilateral [14] is a
highway network connecting India's four largest metrop-
olises: Delhi, Mumbai, Chennai, and Kolkata, thus
forming a quadrilateral that can have an installation
power of approximately 4,418 MW. Similarly, it is pos-
sible for the four-lane north-south to east-west (NS-EW)
Corridor highway of 7,300 km. The NS-EW Corridor
highway is the largest ongoing highway project in India.
It consists of four/six-lane expressways connecting
Srinagar, Kanyakumari, Porbandar, Silchar [14], etc. Ac-
cordingly, the NS-EW Corridor highway has 5,524-MW
capacity of power generation. In a similar manner, we
recommend to initiate solar panel installations on all the
train trackways also. This will open up large potential of
power generation in a very short period of time which is
very much needed in India to have aggressive industrial
growth which is presently in strong need for power.

As detailed earlier, a total of 104-MW potential of
solar energy generation exists along the Ahmedabad-
Rajkot national highway and a total of 61-MW potential
of solar energy generation exists on the Ahmedabad-
Vadodara national express highway. This way, huge po-
tential of solar energy generation exists on the national
highways with capacities based on the length. This leads
to not only meeting the energy demand but also reduc-
tion in CO, emissions by minimizing dependency on
conventional sources [31], hence promoting renewable
energy resource on a very large scale, and this is the best
answer for the national threats called GHG emission for
any country [32]. Power generation using this concept
generates huge amount of electricity without combus-
tion of fossil fuels, as electricity generation through fossil
fuels is the largest source of CO, emission [33], and
hence, this helps to reduce the dependency on fossil
fuels and transportation of fossil fuels. A more detailed
study on environmental damages by CO, emission and
transportation can be seen in [34,35].

In summary, the national highway space can contrib-
ute to the huge amount of energy generation without
extra cost for the land. By this, we can also say that this
idea can be a part of the key concept of solar grand plan
[36]. Apart from this, there are various fringe benefits.
For example, if implemented, it improves vehicle effi-
ciency, use of minimum energy for air conditioning vehi-
cles, more tire life due to shade, etc. Also, another fringe
benefit of this road rooftop solar project is increase of
the life of the road from wear and tear on the highways,
and this helps to reduce the fund requirement for road
repairs. Another benefit is rainwater harvesting at se-
lected locations. This increases the groundwater level
and helps to reduce the fluoride and arsenic content in
the groundwater. In summary, we can say that this ap-
proach is also the answer for the various concerns of
sustainable transport and helps in reaching a goal for a
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sustainable transport system [30]. For all the above
ideas, to see the light of day, there is an urgent need for
an attractive policy by the government of India to in-
crease the solar potential if one dreams to realize it in
1-year duration.

Additional file

Additional file 1: Annexures I and II. Annexure I: List of the places in
length (m) along with latitude and longitude. Length of these places is
eliminated in the energy calculation for Ahmedadad-Rajkot national
highway. Annexure Il.List of the places in length (m) along with latitude
and longitude. Length of these places is eliminated in the energy
calculation for Ahmedadad-Vaoddara national highway.
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