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Abstract- El Hierro Island is a world biosphere reserve
since 2001 and has an electric power system with a high
percentage of renewable energy capacity installed, based
on a hydro-wind power plant. Some of its 20 kV
distribution overhead power lines have been buried to
avoid visual impact. In this paper, the system frequency
behavior is analyzed for the case of the maximum
renewable energy penetration, including a 100% scenario.
The impact of undergrounding all the overhead lines on
the power system operation is also investigated. This
power system was modeled for steady-state analysis in
several scenarios to find the impact of undergrounding
overhead lines on network voltages and on the operation
of generators. Results suggest a negative impact on the
generating units, which are forced to absorb a high
amount of reactive power.
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I. INTRODUCTION

El Hierro is the smallest of the Canary Islands, with
278m? of surface area and a population of about 10,000
inhabitants. Since the year 1997 there is a plan for a
sustainable development, which last revision was
performed in 2006 [1]. Due to its environmental values
and the political willing to sustainability, the island was
declared a Biosphere global reserve by UNESCO in
January 2001 and in September 2014 has also been
declared as part of the European Geoparks Network,
being the tenth Spanish territory in obtaining such
distinction [2].

The main action concerning energy infrastructure is
the implementation of a hydro-wind power generation
system energy [1], with the aim of achieving the highest
possible penetration of renewable energy in the power
system of the island. There is some literature about this
new system from economic, technical feasibility and
stability points of view [3-7].

However, following the commitments made by its
declaration as a Biosphere Reserve in 2001, a program
for burying many of the 20 kV overhead power lines was

performed. New underground lines were installed closing
the ring and providing a higher security of supply [8].
Some issues have been reported about reactive power and
distribution networks [9, 10].

It is estimated that 36% of current lines are
underground and operative. The aim of this paper is to
analyze the behavior of the electrical system by these
lines and simulate the operation for 100% of underground
lines. The work was performed using PowerWorld
software. Measured values of the system frequency at
different scenarios of energy sources are also analyzed.

I1. EL HIERRO POWER SYSTEM
The power system consists of a single thermal station,
a wind farm, two water reservoirs linked by two
pipelines, a hydroelectric power plant, a pumping station
and a medium voltage distribution network. Figure 1
shows the main elements of the system [11].

Lower reservoir

Figure 1. Main elements of the hydro-wind power system

The annual demand of energy for recent years slightly
exceeded 67 GWh, having a power peak of about
7.6 MW and a power off-peak of about 3.6 MW. At
present the hydroelectric plant is still a trial version.
Because of that, the power system demand of load is still
mainly provided by diesel units. Nevertheless, some new
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operating scenarios are progressively tested, looking for a
massive renewable energy penetration with a minimum
conventional participation.

The only existing thermal power station consists of
ten diesel units, with a total capacity of 14.98 MW. On
the other side, the hydro pumped storage power plant
includes an upper water reservoir with a capacity of about
380 m?, and a lower reservoir with a capacity of 150 m?®.

The reservoirs are joined together by a discharge pipe
3015 m long and 0.8 m diameter, with a suction pipe
188 m long and 1 m diameter. The penstock is 2350 m
long and 1 m in diameter. There are eight individual
pump drives, with six pumps of 500 kW rated power and
two pumps of 1500 kW rated power.

Hydro-wind power plant are also equipped with four
Pelton turbines with a rated capacity of 2.83MW, giving a
total output of 11.32 MW. Every Pelton unit is equipped
with a flywheel for a better dynamic performance.
Adding a flywheel increases significantly the inertia
constant of the hydraulic generator units, improving their
dynamic response under load variation as indicated by the
swing equation of the synchronous machine as Equation

Five 2.3 MW Enercon E70 wind turbines give a total
rated wind power output of 11.5 MW. Being a small
island, El Hierro has not a transmission network and
electricity flows through a 20 kV Medium Voltage (MV)
distribution network. There are about 40 buses at that MV
distribution level. Most of the underground cables are
aluminum cable 150 mm? size, whereas overhead lines
are copper 50 mm? size.

The one line diagram of the power system can be
observed in Figure 2, as modeled using PowerWorld, the
software selected for the analysis.

I1l. SYSTEM PERFORMANCE

Figures 3, 4 and 5 are examples of the power system
performance [12]. Power generation is based on diesel
units in the case of Figure 3. Hydroelectric generation by
means of the Pelton turbines was tested during a few
hours, limited to a power output about 1.33 MW. Wind
generation was also tested at two different periods,
limiting its output to 0.4 MW.

Figure 4 shows a similar operational scenario,
although the 6 MW wind power generation is used for

(2). pumping water to the upper reservoir and also for
do 1 partially supplying the island demand. Hydroelectric
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Figure 2. One line diagram of El Hierro power system



Figure 3. Example of operation 1. Hydraulic system operating as a generator

Figure 4. Example of operation 2. Hydraulic system operating as a pump

At this point we must highlight favorable evolution of
the operation of the hydro-wind power station towards a
generation that is close to be able to cover the electric
power demand with 100% renewable energy.

In Figure 5, which corresponds to the 9th April 2016,
during a continuous period of 24 hours, a generation
based exclusively on wind energy and on the hydraulic
system balance was archived. On one side Pelton turbines

were used for generation and, on the other side, the lower
reservoir to the upper reservoir pumping system was used
as a variable load.

In this case, an adaptation of the power system load is
done by adjusting the load of the pumping system, as can
be seen in Figure 5, while the wind energy generation
remains constant.



Figure 5. Example of operation 3. 24 hours only by hydro-wind power system

IV. FREQUENCY BEHAVIOR

During the daylight hours of the day April 9, 2016, the
frequency of the power system was measured (Figure 6).
Lower frequency deviations are found in comparison to the
periods in which the power-frequency control systems of
the diesel units were used to adjust power generation to the
system load, as usual in every conventional power system
(Figure 7). Therefore it can be concluded that there is a
good response of the hydraulic power system equipped with
flywheels, using the combined action of the power-
frequency control system of the Pelton units and the
adjustment of the power load demanded by the pumping
system.

V. THE IMPACT OF BURYING MV NETWORK
To avoid visual impact caused by the overhead MV

power lines, new underground MV lines are being
introduced in the network. Several scenarios have been
set up for studying how undergrounding overhead
distribution lines influences the power system operation,
on the basis of peak load and minimum load demands.
Relevant cases are:
= Case 1. Most of the distribution power lines are
overhead.
= Case 2. Most of the distribution power lines are
underground.
= Case 3. All distribution power lines are underground.
Main results of the analysis are shown as the following.

A. Peak Period

Figure 8 shows total real and reactive power
generated by the generation units for the three cases. We
can see that real power can remains almost constant.
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Figure 6. Measured system frequency April 9, 2016
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Figure 7. Measured system frequency variation April 14, 2016

On the contrary, the total reactive power generation
from those units is lower for a higher number of MV
lines being buried. This is due to the higher reactive
power generated by the higher number of undergrounded
MV lines. Therefore, generation units does not need to
generate all the reactive power for a given reactive load
and can reduce their reactive power output.
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Figure 8. Total power generation in peak period

Figure 9 shows that the power losses in the MV
network are reduced when the number of underground
lines grows. This due to a decrease in the value of the
currents through the lines caused by the above mentioned
lower production of reactive power by the generators.
When most of MV lines are overhead there is a global
consumption of reactive power (case 1). In cases 2 and 3
the production of reactive power in the buried MV lines
forces to the generator units to absorb reactive power.
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Figure 9. Network losses in peak period

Voltages are influenced by undergrounding power
distribution lines, as can be seen in Figure 10. Since the
reactive power generation is distributed along the MV
distribution network and not only concentrated on the
power plant, it is not necessary a high value in the voltage
output of the generator units. As a consequence, voltages
at the MV network buses have the lower values in Case 3.
Figure 11 shows these lower values of voltage in
terminals of the generator units.

1.08
1.06

1.04
1.02
0.98
0.96
0.94
0.92

[N

Bus voltage (pu)

T U L= DL T N N N O © D
ogmugﬁogmsg%g:m:g
S 20 S0 QCIESTEIITEZTT D
JOE8=28=285JFEDYEFE3a

= £ s 5 < n SEoss 2=
g8S5E>2>5c8g>2F - ES
="+ 39S~ -8 ° SR
(<5} %) =
k=] S & = Q om
= & 5]
< = = O o
=] o W [a
o (&7
] S
O om

mCasel mCase2 mCase3

Figure 10. Distribution network voltages in peak period
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Figure 11. Voltage in terminal of generators in peak period
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Figure 12. Total power generation in valley period
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Figure 13. Distribution network losses in valley period
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Figure 15. Voltage in terminal of generators in valley period

B. Valley Period

The results obtained for valley period are similar to
the above mentioned values for the peak period and can
be seen in Figures 12 to 15. Since in valley period the
currents through the MV lines are lower, the reactive
power 312X consumed in the inductance parameter of
every line is also lower. Therefore, the overall production
of reactive power by the line and MV network increases.

VI. CONCLUSIONS

Due to its environmental values and the political
willing towards sustainability, the small power system of
El Hierro Island has a singular goal of operation, based
on a hydro-wind power plant. The installed generation
capacity is about three times power demand and a
suitable generation management is required in the way
towards a 100% renewable system operation.

As a consequence of political willing to sustainability,
the island was declared a Biosphere global reserve by
UNESCO in January 2001 and in September 2014 has
also been declared part of the European Geoparks
Network. So, overhead power lines conversion to an
underground network is seen as a natural step.

Such kind of distribution network leads to a high
generation of reactive power because of the capacitive
parameters of underground cables, influencing the power
system operation. This paper addresses the impact of a
whole underground distribution network on network
voltages and the secure operation of generators, in the El
Hierro power system. Several cases have been analyzed.

Most remarkable case is Case 3, in which all
conductors are undergrounded. The results obtained from
simulations suggest that this configuration can have a
negative impact on generating units, forced to abnormally
absorb reactive power for balancing reactive power
generation from the power lines.

As can be expected, reactive power generation from
distribution power lines has been found more severe in
periods of minimum demand of power. Setting the
Excitation Control Systems of generators at minimum
level would not be enough. Results also suggest that
installing reactances in the distribution network could be
necessary in order to compensate the reactive power from
lines, being this a solution for assuring a proper operation
of generating units.

On the other hand, measured values of the system
frequency during several 24 hour periods have been
recorded. The analysis of those measured values leads to
conclude that the new power system exhibit a better
behavior in the day to day operation, with a smoother
frequency evolution and without remarkable stability
problems. Therefore, this kind of power system based on
hydro-wind generation could be a good choice for
systems who are looking for a sustainable future.
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