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The autonomous polygeneration microgrid topology aims to cover holistically the needs in remote areas
as far as electrical power, potable water through desalination, fuel for transportation in the form of
hydrogen, heating and cooling are concerned. Deep discharge lead acid batteries are mostly used in such
systems, associated with specific disadvantages, both technical and environmental. This paper investi-
gated the possibility of replacing the battery bank from a polygeneration microgrid with a hybrid capac-
itor bank and more intensive utilization of a hydrogen subsystem. Initially commercial hybrid capacitors
were tested under laboratory conditions and based on the respective results a case study was performed.
The optimized combination of hybrid capacitors and higher hydrogen usage was then investigated
through simulations and compared to a polygeneration microgrid featuring deep discharge lead acid bat-
teries. From the results it was clear that it is technically possible to exchange the battery bank with a
hybrid capacitor bank and higher hydrogen utilization. From the economic point of view, the current cost
of the hybrid capacitors and the hydrogen components is high which leads to higher overall cost in com-
parison with deep discharge lead acid batteries. Taking into account, though, the decreasing cost pros-
pects and trends of both the hybrid capacitors and the hydrogen components it is expected that this
approach will become economically competitive in a few years.

© 2014 Elsevier Ltd. All rights reserved.

Keywords:

Hybrid capacitors
Polygeneration
Microgrid
Hydrogen

1. Introduction

The autonomous polygeneration microgrid (APM) topology
aims to holistically cover the needs of communities in remote
areas [1]. The products of such polygeneration microgrids can
include power, fuel for transportation, pumped and desalinated
water, space heating and cooling, and refrigeration. This topology
has been investigated and proved to be both technically feasible
and economically viable [1]. Various approaches have been used
for their energy management [2,3]. Finally an intelligent demand
side energy management system has been created [4]. This topol-
ogy has been also deployed in a real world microgrid in the Sahara
desert in Egypt [5].

Abbreviations: APM, autonomous polygeneration microgrid; CF, cost function;
FCM, Fuzzy Cognitive Map; FM, Flow Matrix or Incidence Matrix of the Petri Net;
NPC, Net Present Cost; PSO, Particle Swarm Optimization; RO, reverse osmosis.
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For an autonomous microgrid to operate, energy storage is
essential. The most commonly used energy storage approach is
battery banks, most often in the type of deep discharge lead acid
batteries [6-9]. This type of batteries can reach efficiencies of
about 85% in market available solutions, are simple to operate
and are readily available [10]. On the other hand though, lead acid
batteries present specific disadvantages. Practice has shown that
they have low operational lifetimes [10], they cannot be fully dis-
charged and are also delicate to handle after their operational life-
time has ended because they contain toxic elements [11]. Because
of these specific disadvantages, efforts have been made in order to
minimize lead acid battery usage in renewable energy systems in
favor of hybridized storage approaches [12].

In an effort to minimize battery usage there have been many
examples were ultracapacitors (double layer electrochemical
capacitors) are introduced in a hybridized energy storage system
both for mobile and stationary applications [12-15]. Ultracapaci-
tors have specific advantages like round-trip efficiencies of about
or above 95% and are optimally used in applications where higher
power density is needed. On the other hand, though, they present
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Nomenclature

Ch n concept of the Fuzzy Cognitive Map (-)

eta efficiency of the hybrid capacitor (%)

H™NK volume of stored hydrogen in the hydrogen storage tank
(Nm’ Hy)

I capacitor current (A)

Pgs energy storage penalty (€)

Py hydrogen penalty (€)

Pranks  tanks penalty (€)

Py, water penalty (€)

SoC State of Charge (%)

SOCL set point of battery SOC from which and below the fuel
cell should be turned on (%)

SOCM  set point of battery SOC from which and above one or
both the consumptions should be turned on (%)

Ve capacitor voltage (V)

Wi weight of FCM concept (-)

Ww3P desalinated water needed in order to cover the needs for
3 days (m?)

WTANK yolume of stored desalinated water in the desalinated

water tank (m?)

low energy densities [16]. Another type of capacitors is the hybrid
capacitors, which are manufactured with one electrode being a
double layer material and the other electrode being of a pseudo-
capacitance material [16], which in many cases is a lithium ion
electrode [17,18]. Their performance lies between an ultracapaci-
tor and a battery. These devices present higher energy densities
in comparison with ultracapacitors and could look attractive in
completely replacing batteries in specific applications like the
autonomous polygeneration microgrid, since ultracapacitors can
supply power bursts with ease, but cannot store much energy
[19]. In a polygeneration microgrid the maximum total power
can be observed for constant periods of time up to hours - there
are no loads presenting power peaks for some seconds, if any load
is activated, the needed power is going to be constant until they are
deactivated. In literature hybrid capacitors are also named hybrid
supercapacitors and hybrid ultracapacitors.

In the autonomous polygeneration microgrid topology a hydro-
gen subsystem is used both for the production of on-site fuel, and
for medium to long term energy storage. Also long-term energy
storage can take place in the form of desalinated water [1]. Various
devices used in this topology are not “instant on”. For example a
reverse osmosis (RO) desalination unit starts producing water,
after about a minute or in some cases even more until the needed
pressure is reached in the system and acceptable salinity water is
produced. Also it is not advisable to turn on and off an RO desali-
nation unit in a matter of minutes. In the same manner hydrogen
components like electrolyzers and fuel cells need a time period
of some seconds up to minutes until they have completed their
self-checks and are operating. This means than an energy buffer
with adequate capacity to cover the various needs for at least some
minutes is needed. Hybrid capacitors have the potential to fit into
this scheme by substituting the battery bank and being able to
cover the needed energy buffer for the time period needed until
a consumer like the desalination unit or the electrolyzer is acti-
vated when it becomes full and the fuel cell can be activated in
the case that the buffer is getting empty. Apart from this, the
hybrid capacitors have much extended expected lifetime. Cur-
rently commercially available hybrid capacitors are advertised
with lifetime from 10,000 charging/discharging cycles up to
50,000 cycles depending on the company. In comparison deep dis-
charge batteries can only present usually about 1800 charging/dis-
charging cycles at 50% depth of discharge before the capacity drops
below 80% and the battery needs to be replaced [20]. It has to be
noted that the lifetime of deep discharge batteries can considerably
decrease when operating above 25 °C; at 45 °C the flooded electro-
lyte batteries can present severe levels of corrosion and the gelled
electrolyte batteries can present considerable lifetime decrease
[21]. On the other hand commercially available hybrid capacitors
have temperature operating ranges of —40-60 °C allowing for bet-
ter system integration in most remote areas around the world.

Finally, the round trip efficiency of the hybrid capacitors in litera-
ture is found to exceed 98% in some cases [17], in comparison to
efficiencies of about 86% for deep discharge batteries [20].

Another important aspect in order to accomplish a combined
hybrid capacitors/hydrogen alternative is the needed energy man-
agement and control algorithms [22,23]. Without an intelligent
energy management system the benefits of a hybrid energy storage
system cannot be harvested. Different approaches have been pro-
posed and investigated in literature for the management of hybrid
energy storage systems [24-27]. The approaches that have already
been developed for the energy management in a polygeneration
microgrid can also be utilized [2,3], after their operational vari-
ables have been optimized for this configuration.

This paper presents the investigation of the possibility of
exchanging the battery bank in the APM topology with the combi-
nation of a hybrid capacitor bank and higher utilization of the
hydrogen subsystem. The investigation was planned to be realized
in two steps. The first step would include the experimental testing
of market available hybrid capacitors and the second step was
planned to comprise of a techno-economic comparison of an
APM based on deep discharge batteries and an APM based on the
combined hybrid capacitors/hydrogen approach through a case
study based on simulations.

Initially a market research took place and three manufacturers
that offer hybrid capacitors were identified. Samples for each of
these manufacturers were procured and laboratory testing took
place in order to investigate their ability to operate as energy buf-
fers in the polygeneration microgrid topology. Further experiments
took place for the chosen hybrid capacitor in order to measure its
real world energy storage capabilities and round-trip efficiency.
Using these experimental results, a comparison between an opti-
mized polygeneration microgrid utilizing the new approach and
an optimized polygeneration microgrid utilizing deep discharge
batteries took place through simulation.

2. Experimental investigation of the hybrid capacitors
2.1. Selection of hybrid capacitors for testing and choice of tests

A market investigation took place world-wide trying to identify
commercial hybrid capacitors. The result of this investigation was
three companies that all offer hybrid capacitors at different capac-
ities. Samples of the model of the hybrid capacitor with the highest
capacity offered by each manufacturer were gathered in the labo-
ratory. Fig. 1 presents these hybrid ultracapacitors.

The technical characteristics of the considered capacitors are
given in Table 1. The most notable differences between them are
in their capacity, rated voltage, and physical dimensions. Compa-
nies A and C state that they use lithium ion material for the pseudo
capacitance electrode.
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