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Abstract

“The Solar Light Rail” is a proposed power supply method for a 100% renewable
energy light rail system. Experiments using a prototype model were carried out
in all four seasons in order to verify whether the proposed system can function
effectively throughout the day. The primary electric double layer capacitor (EDLC)
unit, with a breakdown voltage of 17.5 V and a capacitance of 171.4 F, is charged
by solar panels. The secondary EDLC unit which has a breakdown voltage of
15.0 V and a capacitance of 100 F is mounted on the railcar and is charged rapidly
by the primary EDLC. The railcar leaves and returns on a straight rail of 9 meters
by charged energy, and the secondary EDLC is charged from the primary EDLC
again. It was confirmed that the proposed power supply method was effective even
in a climate with little or no sunshine, and also that it is necessary to raise the
breakdown voltage and capacitance of the primary EDLC to ensure long-term
operation after sunset.
Keywords: renewable energy, transportation, energy storage, electric double layer
capacitor, rechargeable.

1 Introduction

Railways are known as environmentally friendly transportation system. CO2
emission and energy consumption of rail transport is lower than that of road
transport [1]. Moreover, a light rail (known as tram, streetcar) does not divide the
town like a railway and people can cross a rail easily. A light rail is friendly not
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only for environment but also for people. However, fossil fuel power generation
accounts for over 60% of all electric power in Japan. When railways, especially
light rails, can run on renewable energy such as solar, wind and hydro power, it
will be more eco-friendly transportation system.

In most of previous works to make railways run on renewable energy especially
solar power, solar panels are installed along the rail in order to obtain accepted
electricity, and electricity is supplied to the railcar in real time [1, 2].

A rechargeable run system named “The Solar Light Rail” is proposed [3–5].
Figure 1 shows the power supply method of this system. Solar panels are installed
on the roof and around the station. Wind turbines and water wheels are built around
the station. Straight blade vertical axis wind turbines are suitable for this system,
since wind turbine noise is less than that of horizontal axis wind turbines [6, 7].
A unit of electric double layer capacitor (EDLC), called as “the primary EDLC,”
is installed at the station as an energy storage device, and the primary EDLC is
always charged from solar panels, wind turbines and water wheels. There is a
short contact wire for rapid charge at the station [8]. An EDLC unit, called as “the
secondary EDLC,” is mounted on a railcar. When the railcar stops at the station,
electricity is rapidly transmitted from the primary EDLC to the secondary EDLC.
The railcar charges electricity only to reach the next station at each stop. In this
system, energy storage devices repeat charge and discharge. Advantages of an
EDLC such as long life, high input-output power and low pollution [9, 10], are
suitable for this system. The amount of energy stored per unit weight is lower than
that of batteries. However, usually distance between stations of light rails is shorter
than that of railways. Therefore, that cannot become disadvantage in this system.

According to the test outcome by the Railway Technical Research Institute
of Japan, their hybrid light rail vehicle named “Hi-tram” consumes 2.5 kWh of
electricity per kilometers at the maximum air conditioning load [11, 12]. If the
Solar Light Rail line is assumed as follows, the power generation capacity of
99,000 kWh is required a year at each station.
• Interval between stations is 500 m.
• A railcar arrives and departs every 10 minutes.
• The operation time is 6:00 to 24:00.

If required electric power can be supplied, it is feasible in the calculation to run
the light rail only by renewable energy [3]. Experiments were carried out using a
prototype model in order to substantiate the proposal.

In this paper, experiments using a prototype model were carried out in winter,
spring, summer and autumn order to verify whether the proposed power supply
system can function effectively throughout the day.

2 Experimental equipment

Figure 2 shows the experimental equipment.
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Figure 1: Power supply method of the Solar Light Rail.
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Figure 2: The experimental equipment.

three sets of wired cells are connected in parallel. Although the solar panel has
been used more than 20 years, open circuit voltage of 19 V and short circuit current
of 3 A are still measured in preliminary experiments. This solar panel is called as
“solar panel 1” in this paper.

Another is a poly-crystalline silicon solar panel. This solar panel is fabricated
with 50 solar cells. Ten rectangular cells are wired in series, and five sets of wired
cells are connected in parallel. Open circuit current of 17.5 V and short circuit
current of 3 A are measured. This solar panel is called as “solar panel 2” in this
paper.

2.2 EDLC unit

EDLC units are fabricated with cylindrical cells of 2.5 V - 600 F. Seven EDLC cells
are wired in series, and two sets of EDLC wired in series are connected in parallel
for the primary EDLC. The primary EDLC becomes the breakdown voltage of
17.5 V and the capacitance of 171.4 F. Six EDLC cells are wired in series for the
secondary EDLC. The secondary EDLC becomes the breakdown voltage of 15.0 V
and the capacitance of 100 F. A resistor of 1 kΩ is wired in parallel for each EDLC
cell as a voltage balancing resistor.
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2.1 Solar panels

Two types of solar panels are used as a generator in the experiments. One is a
mono-crystalline silicon solar panel. Eleven circular cells are wired in series, and
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Figure 3: A circuit diagram of the limited current circuit (1 unit).

2.3 Limited current circuit

An excessive electric current flows when the primary EDLC is connected to the
secondary EDLC directly. A limited current circuit is installed between the primary
EDLC and the secondary EDLC for safety. The three terminal regulator of LM317
has constant current characteristic as eqn (1) [13].

IOUT =
VREF

R1
(1)

VREF of LM317 is 1.25 V [13], so that limited current of the circuit shown as
Figure 3 is 1.25 A. The limited current circuit of 12.5 A is made connecting ten
these circuits in parallel.

2.4 Railcar

A railcar is fabricated in standard of 5-inches gauge model railroad, the possible
smallest size for riding. The size of railcar is 934 mm in length, 450 mm in width
and 339 mm in height. The wheel base is 375 mm. A DC motor of 40 W is mounted
on the four-wheel car

3 Experiment

3.1 Experimental method

Solar panels are put on the ground horizontally under the experiments. The primary
EDLC is charged by solar panel 1 and 2. The first rapid charge is carried out when
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Figure 4: Transition of the voltage under the experiment on January 6, 2013.

the voltage of the primary EDLC reaches 14 V. The author, weight of 65 kg, rides
the railcar, and then the railcar goes and returns 3 times (at the first experiment)
or 5 times (at other experiments) on the strait rail of 9 m. Thereafter, rapid charge
and running repeats every 15 minutes.

The open circuit voltage of the solar panel 1 is higher than the breakdown
voltage of the primary EDLC. Therefore, the interval of rapid charge and round
trips per charge has to be changed in order to consume more electricity and keep
the voltage of the primary EDLC lower than the breakdown voltage.

The experiment finishes when the railcar is not able to complete 3 or 5 times
round trips. The number of rapid charges and round trips are counted, and the
voltage of solar panel 1, solar panel 2, primary EDLC, and secondary EDLC are
also recorded by data acquisition system (IOtech Personnel Daq/55).

Four experiments were carried out at Hachioji Campus, Tokyo University of
Technology (Tokyo, Japan).

3.2 January 6, 2013

The first experiment was carried out on January 6, 2013. It was the 16th day after
the winter solstice. The sunrise of the day was 6:51 and the sunset was 16:43 at
Tokyo [14]. It was sunny or bit cloudy in the morning, however, it became cloudy
in the afternoon. The highest temperature of the day at Hachioji was 9.2 ◦C and the
lowest temperature was −5.2 ◦C [15].
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Figure 5: Transition of the voltage under the experiment on May 3, 2013.

Figure 4 shows the transition of the voltage under the experiment. When the
experiment started, the voltage of the primary EDLC was 2.1 V and the voltage of
the secondary EDLC was 1.8 V. The voltage of primary EDLC reached 14.0 V at
8:59 and the first rapid charge was carried out.

The voltage of solar panel 2 fell lower than the voltage of the primary EDLC at
16:08 and the voltage of solar panel 1 fell lower than the voltage of the primary
EDLC at 16:13. Rapid charges were carried out 9 times after 16:13 and 7 times
after sunset. The last rapid charge was carried out at 17:44 and the railcar stopped
at 17:52. The voltage of primary EDLC was 8.7 V and the voltage of secondary
EDLC was 4.3 V.

The interval of rapid charge was 5 minutes after 17:15, because charging from
solar panels was not expected at that time. The last rapid charge was carried out
18:15 when interval of 15 minutes was kept. This system functioned for 1.5 hours
after sunset.

In this experiment, rapid charge was carried out 56 times, and the railcar
completed 236 round trips.

3.3 May 3, 2013

The second experiment was carried out on May 3, 2013. The sunrise of the day
was 4:47 and the sunset was 18:29 at Tokyo [14]. Figure 5 shows the transition of
the voltage under the experiment. When the experiment started, the voltage of the
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Figure 6: Transition of the voltage under the experiment on July 7, 2013.

primary EDLC was 0.1 V and the voltage of the secondary EDLC was 0.6 V. The
first rapid charge was carried out at 7:21.

The solar panel 1 had to be disconnected from 13:22 to 13:59, since the voltage
of the primary EDLC exceeded 16.5 V.

The last rapid charge was carried out at 18:56 and the railcar stopped at 19:06.
The voltage of primary EDLC was 8.3 V and the voltage of secondary EDLC was
4.2 V. In this experiment, rapid charge was carried out 101 times, and the railcar
completed 505 round trips.

3.4 July 7, 2013

The third experiment was carried out on July 7, 2013. It was the 15th day after
the summer solstice. The sunrise of the day was 4:32 and the sunset was 19:00 at
Tokyo [14]. Figure 6 shows the transition of the voltage under the experiment.

When the experiment started, the voltage of the primary EDLC was 0.3 V and
the voltage of the secondary EDLC was 0.7 V. There was a mistake of the cable
connection, and the primary EDLC was not charged. The voltage of the primary
EDLC was raised after the correction at 5:39, and the first rapid charge was carried
out at 6:28.

The last rapid charge was carried out at 18:45 and the railcar stopped at 18:52.
The voltage of primary EDLC was 10.2 V and the voltage of secondary EDLC was
4.9 V. In this experiment, rapid charge was carried out 110 times, and the railcar
completed 551.5 round trips.
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Figure 7: Transition of the voltage under the experiment on September 23, 2013.

3.5 September 23, 2013

The fourth experiment was carried out on September 23, 2013. It was the autumnal
equinox. The sunrise of the day was 5:29 and the sunset was 17:37 at Tokyo [14].
Figure 7 shows the transition of the voltage under the experiment. When the
experiment started, the voltage of the primary EDLC was 2.1 V and the voltage
of the secondary EDLC was 1.5 V. The first rapid charge was carried out at 7:48.

It was cloudy all the day. The last rapid charge was carried out at 18:18 and the
railcar stopped at 18:26. The voltage of primary EDLC was 9.3 V and the voltage
of secondary EDLC was 4.4 V. In this experiment, rapid charge was carried out
72 times, and the railcar completed 361.5 round trips.

4 Discussion

4.1 Evaluation of the power supply system

Rapid charges from the primary EDLC to the secondary EDLC with the limited
current circuit could be carried out. Although the experiments were carried out
under disadvantages for photovoltaic – it was only two weeks after of the winter
solstice, it was cloudy and solar panels were put horizontally – the railcar ran
for more than 9 hours. It was confirmed that the proposed power supply system
functions effectively throughout a day.
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Figure 8: Operating time and frequency of rapid charge.

4.2 For the long-term operation after sunset

On January 6, 2013, the first rapid charge was carried out at 8:59, and the last
rapid charge was carried out was carried out at 17:44. The operating time of the
day was 8 hours and 45 minutes. Similarly, the operating time became 11 hours
and 35 minutes for the second experiment, 12 hours and 17 minutes for the third
experiment and 10 hours and 30 minutes for the fourth experiment.

The rapid charges were carried out 56 times in 8 hours and 45 minutes under
the first experiment. It means a rapid charge was carried out every 9 minutes
and 23 seconds. Similarly, the frequency of rapid charge became 6 minutes and
53 seconds for the second experiment, 6 minutes and 42 seconds for the third
experiment and 8 minutes and 45 seconds for the fourth experiments.

Figure 8 shows the operating time and frequency of rapid charge. The frequency
of rapid charge becomes higher with longer operating time. It means that the
electricity is not stored for the operation after sunset. Although the interval of
rapid charge was 15 minutes under the regulation of the experiments, the interval
had to be changed since the breakdown voltage of the primary EDLC was lower
than the open circuit voltage of the solar panel 1. The frequency of rapid charge and
the operating time will get better by rise in the breakdown voltage of the primary
EDLC. And also, it is required to raise the capacitance of the primary EDLC for
long-term operation after sunset [16].
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5 Conclusions

In summary, demonstration experiments were carried out with a prototype model
in winter, spring, summer and autumn.

From the experiments carried out under disadvantages for photovoltaic, it was
confirmed that the proposed power supply system functions effectively throughout
a day.

It is required to raise the breakdown voltage and the capacitance of the primary
EDLC for long-term operation after sunset.

The experiments using a scale model which applied law of similarity is required
to verify the energy consumption in this energy supply system.
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