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Abstract. A key strategy for optimizing the utilization of clean
energy sources involves integrating energy vectors to effectively
manage surplus power generated from renewable sources. This
study specifically delves into the assessment of a hydrogen (H>)
generation project utilizing energy generated by the
Hidroabanico power plant. Over a span of 13 years, the average
monthly energy production was meticulously scrutinized, with a
determination that 20% of this energy would be allocated for H>
production. The operational framework of the prototype plant,
which relies on Proton Exchange Membrane (PEM) electrolyser
technology, is comprehensively elucidated. This system boasts
an annual energy capacity capable of reaching 62,439 MWh
(20% of total production), culminating in the production of 1,123
Tn of H.. However, it is noteworthy that this quantity remains
relatively limited compared to analyses conducted utilizing
alternative technologies.

Key words. Hydrogen fuel, electrolizer, PEM.
1. Introduction

The rapid growth in the global economy has made different
energy sectors more resource-intensive. This has led to
serious consequences that have negatively influenced
environmental and social aspects [1][2]. The current global
energy demand is primarily met by fossil fuels, accounting
for a total of 80%, not only causing pollution but also being
limited in quantity. It is anticipated that by 2050, these
resources will be depleted or become costly to obtain.
Therefore, there is a search for new, unlimited, and clean
energy sources.

One of the main drivers of industrial development is access
to energy based on non-renewable sources such as oil or
coal for electricity production. Their intensive use has
caused local and global environmental deterioration in
addition to external dependency in many places. Reducing
their usage is imperative to mitigate the impacts of climate
change. These systems use non-renewable resources for
power generation [3], and produce greenhouse gas
emissions hurting the air in cities [4][5]. This underscores
why numerous countries have set their sights on minimizing
carbon emissions in their energy production mandates. [6].
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The 28th Conference of the Parties to the United Nations
Framework Convention on Climate Change (COP 28),
held at the end of 2023, proposed accelerating zero and
low- emission technologies, including the production of
low- carbon hydrogen. Hydrogen can serve as a means to
store clean energy, provided that the associated source for
its production is renewable, such as biomass, waste,
geothermal, solar, hydraulic, or wind. While it can also be
obtained from non-renewable sources, the environmental
benefits are questioned precisely due to the pollution
caused during the extraction, transportation, and
utilization of such raw materials.

The exploration of alternatives to replace the current
energy matrix reliant on fossil fuels is highly diverse.
Analyzing the optimal options for each specific context
becomes essential. Consequently, there has been a notable
shift towards the development and integration of clean
intermittent technologies like wind, solar, and
hydroelectric power. Despite their potential, these
technologies currently face challenges related to their
fluctuating nature, making them insufficient to meet
demands  without effective power exceeding
management. As a solution, efforts are being directed
towards energy storage alternatives, with hydrogen (Hz)
emerging as a promising choice on a global scale.
Various instances showcasing its adoption and
applications in different contexts underscore the
versatility and potential of hydrogen as an alternative
energy source.

Given this scenario, obtaining energy from renewable
sources has become an essential ally in the face of global
warming [7]. Currently, alternatives for energy storage are
being considered with the aim of storing it during hours of
high demand [8]. Therefore, the use of H> as an energy
vector is being considered with increasing intensity, since
it provides an ideal alternative to complement the
production of renewable hydroelectric energy, as it is
versatile and non-polluting.

As is the case in Turkey, which uses 1.6% of installed



energy in the form of H,, this gas is mainly used for
ammonia production. The H, plant established in the city
of Hali¢ produces up to 65 kg per day with an electrolyzer
powered by renewable energy and can store up to 100 kg
per day [9]. On the other hand, a study conducted in Niger
analyzed 3 options for H, production. The option with the
best results was the one with a generation potential of
1,959 TWh. With PEM technology, a production of 35.58
million tons of H, was projected. Having a water demand
of 641.87 million m? [10]. In the Russian Federation, a H>
production plan for the iron and steel industry is
envisaged. The capacity of the PEM electrolyzer is 500
kW with an approximate production of 16,200 kg/year
[11].

2. Methodology

A.  Project information

The production capabilty of electrolytic H, from the
generation of the Abanico hydroelectric power plant is
analyzed. This plant is located in southeastern Ecuador, in
the province of Morona Santiago at a distance of
approximately 15 kilometres from the city of Macas.
Hidroabanico has five turbines providing a total power of
37.50 MW of hydropower [12].
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Fig. 1 Project location map

The purpose of this analysis is to propose a scenario in
which a portion of the energy generated is directed to the
production of H,. The company Hidroabanico has
requested that 20% of the hydraulic energy entering the
plant be used for this purpose. The energy will be stored in
a storage system to take advantage of the hydroelectric
project's generation production.

B.  Data acquisition

The study's data was provided by Hidroabanico. The
information was collected using PowerLogic ION8600
billing metering units as the primary meter and the
ION8650 backup meter. These meters are utilized in power
generation plants due to their high accuracy for measuring
energy bidirectionally in various usage modes. Monthly
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production values were analyzed from 2008 to 2021. On
the other hand, in the 2011 period, no data was provided
and thus this stage was not taken into account. The
average energy consumption for each month was
calculated, and subsequently, it was determined that 20%
of this energy could be converted into H2. Using this
calculation, an estimate of the available power was
generated.

C. H,production through PEM electrolyzer

H, is obtained through the splitting of atoms in molecules,
using a variety of technologies such as electrolysis and
thermochemical processes. It can be produced from
hydrogenated substances like water, methane, and
hydrocarbons, as well as through the reforming of fossil
fuels.

The energy uses of hydrogen production are categorized
by colors, which indicate the cleanliness of its generation.
Among the most common types are blue hydrogen,
extracted from natural gas deposits, and green hydrogen,
obtained from renewable energy sources, with solar and
wind energy being the cleanest options. Others, such as
black or brown hydrogen, result from coal gasification,
while grey hydrogen is produced through the reforming of
methane from natural gas. From an environmental
standpoint, the type of hydrogen depends on the source
facilitating its production. Hence, the preferable choice is
to produce hydrogen through renewable energies, aiming
for a highly sustainable opportunity in sectors known for
causing pollution [13].

The properties of Hz. have positioned it as a crucial
element in the energy transition, serving as a vital
intermediary. Through the process of re-electrification,
this gas is utilized to provide electricity to the system.
Various technologies, including electrolysis, fuel cells,
and H: storage, play pivotal roles in advancing this
energy industry [14]. In this study, parameters from a
PEM electrolyzer were employed due to the significant
advantages offered by this technology. These systems are
modular in nature, facilitating their transportation and
installation, as their components are contained within
inner containers, enabling placement virtually anywhere
[10]. Furthermore, this technology can operate at high
current densities and voltages, producing H. of
exceptionally high purity, reaching levels of up to
approximately 99% [15].

Figure 2 describes the operating system of a H, generation
plant. A PEM electrolyzer is fed by hydroelectric power.
This energy enters arectifier for AC to DC transformation.
After the rectification of the current, it enters the
electrolyser. Inside this device the molecular splitting of
H20 takes place. The water enters the anode where
electrolysis takes place releasing H+ ions, which pass
through the membrane forming molecular H,. After this,
the gas is accumulated at the cathode to be stored [16].
Finally, the gas is ready to be distributed.
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Fig. 2 Schematic diagram for green H, production

For the corresponding calculations, the parameters of a 5
MW pilot power plant of the ANDRITZ brand were used.
This company offers this prototype plant with the
aforementioned characteristics for purchase and
installation. This infrastructure can produce 89 kg/h with a
pressure of 30 bar. The system requires 13 to 15 litres of
water for its operation. The water used in this process must
be free of impurities since the purity of the H2 generated
will depend on this [17]. And the quantity of hydrogen is
calculated from (1).

H _E*n

E: electrical energy consumed MWh

n: is the rectifier efficiency (90 %)

Ee: The efficiency of the process converting energy into
hydrogen (0.05 MWh/kg of H,)

A rectifier efficiency of 90% was used since it was
considered a common value within these devices.

3. Result

D. H, production

The planning and implementation of sustainable energy
projects have become a vitally important objective today. In
this context, the efficient use of renewable sources has
generated a marked interest in the scientific community and
the industrial sector. The present research focuses on
evaluating the feasibility of a project involving the
production of H, from the energy generated by the
Hidroabanico hydroelectric power plant.

Through the analysis of energy production over an
extensive period of 13 years. This period has been the
database to calculate the monthly average of electric power
generation. This information is essential to develop the
necessary calculations and, consequently, to obtain the
average electricity production corresponding to each of the
12 months of the year.

This methodology allowed for precise and consistent
determination of H, production within the scope of the
project. The results have important implications for the
efficiency and sustainability of energy production from
renewable sources. This paper presents a detailed account
ofthe methodological approach, calculations, and results of
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the innovative project.

Figure 3 shows the energy generation averages for the 12
months with an average annual production of 312,195
MWh. In the third column, the calculation of 20% of the
average energy of the corresponding months is carried
out. Thus, the total energy aggregate for H, production is
62,439MWh. As a consequence of the latitude, the power
production is quite similar every month since the location
is close to the equator in a rainy region.

Figure 4 details the calculation of H, production over a
year, presenting the corresponding monthly values.
Within the framework of this research, it was possible to
determine a total amount of hydrogen production of 1123
Tn, which highlights the feasibility and potential of this
generation proposal. The months of slightly higher
production (January, July and December) are also
highlighted.
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Fig. 4 Green H, production

However, this quantity of hydrogen is 2.80 times smaller
than what could be obtained by utilizing photovoltaic panels
in urban areas, as indicated in [18]. This suggests that while
hydroelectric energy may indeed represent an optimal
renewable resource for hydrogen production, it may not
always be the superior choice compared to other
technologies.



E. Possible hydrogen uses

H, serves two main purposes: as a raw material and as an
energy carrier. In the chemical industry, it is a crucial
component in synthesizing various products, including
fertilizers like ammonia, hydrochloric acid, and H,
peroxide [19]. H, is emerging as an alternative to natural
gas, taking advantage of the local pre-existing
infrastructure for this fuel with minor adjustments.
Additionally, its versatility extends to the possibility of
using it in combination with natural gas, a strategy that
seeks to significantly reduce carbon emissions [20].

However, one of the most promising and significant
advances in the quest for a cleaner, more sustainable future
lies in the development of H, fuel cell-powered vehicles.
This technology has gone beyond mere conceptualization
and has found application in road vehicles that demonstrate
impressive potential to revolutionize mobility. It provides
a viable, environmentally friendly alternative [21].

If a bus covers an average of 68,652.85 km per year, and
considering the typical efficiency associated with current
hydrogen-powered buses at 0.1 kg of Hz per kilometer, the
hydrogen produced from this research could potentially
supply a maximum 163 buses covering this distance [18].

F. Cost analysis

With the specialized literature, reports, technical data sheets
and information from the network, an assessment of the
electrolytic hydrogen generation rates was made. It is also
important to clarify that the prices analysed correspond to
other countries since this technology is not yet commercial
in Ecuador.

Through an analysis carried out by [22], where the
production costs of green hydrogen in different parts of the
world are analysed. The values obtained were compared,
having a variation of 6.7 - 11.4 euros per kg of H, generated,
transforming dollars (reference value €1 is $1.10) these
values would be 7.39 - 12.57 dollars. For the Andes region,
a price of $6.39 - 8.60 was calculated, having one of the
lowest production values in this study.

Geographical location plays a fundamental role when
analysing the production cost of these technologies since
their operation is closely linked to the climatic conditions
that influence energy generation. In this context, the
southern region of the American continent is characterized
by favourable water conditions, which directly affects the
costs associated with energy generation [23].

On the other hand, a study conducted in Chile where the
costs of green H, production by electrolysis is analyzed has
an approximate range of $2 - 6 per kilogram of H». In this
study some costs (storage and transportation) were not
taking in account, also 4 locations with high energy
production were studied. Therefore, the best option for the
production of this energy sector was selected [24].

To conduct a cost analysis, it is important to consider the
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price of electricity produced by Hidroabanico, which is
fixed at 4.70 cents per kWh. This value is regulated by the
state agency responsible for overseeing production,
distribution, and transmission costs. It is worth noting that
this is the rate at which the state purchases each kWh
produced by the project [25].

Comparison of electrolyzer capital costs between systems
is difficult because information on important parameters
is often missing. However, when adjusted for inflation,
cost reductions in alkaline methods have been moderate in
recent years. While PEM systems price reductions have
been significant, making costs more competitive with
alkaline technology. These cost reductions have been
achieved primarily through research and development, in
the absence of significant market intervention [26]. It is
because of this and the technological advantages that PEM
systems are considered within this research.

Regardless of the characteristics of each type of
electrolyzer, the average costs for the implementation of a
IMW power unit vary significantly from $450/kW for
alkaline technologies to $870/kW for PEMs. It is
important to note that these values may vary according to
several factors, such as scale of installation, geographical
location, resource availability and technological advances
[27]. There are no H, plants in the region or in Ecuador.
A real price for this technology cannot be estimated.
Therefore, only the different prices and production cost
projections can be analyzed.

G. Discussion

The production of green H, from renewable sources is a
promising alternative for sustainable energy supply. This
research evaluates the results of producing green H,
through an electrochemical process powered by hydro
power clean energy, in the context of reducing emissions
and transitioning to cleaner energy matrices.

The production cost in Ecuador of H» is 1.77 $/kg [28],
considering the average cost of electricity, water,
supplies, electrifier, annual investment, and operation
and maintenance. This would be around 2 million dollars
for the analyzed project.

There are studies that analyze the production of hydrogen
under different conditions, specifically at rates of 50, 100,
and 200 kilograms per day [30]. While the investigations
share similarities in technology and process, a significant
difference arises in the evaluated power [29]. This study
found lower power compared to the reference case
studies. The discrepancy can be attributed to several
variables, including system configuration, operating
conditions, and design parameters.

4. Conclusion

The evaluation of green hydrogen generation from the
Hidroabanico hydroelectric power plant presents
encouraging results. Through the analysis of energy
production over 13 years, a monthly average of electricity
generation was obtained, this being the basis for



calculating the 20% of energy destined for hydrogen
production. This approach ensures sustainable and
consistent production.

The selection of a PEM electrolyzer was driven by its
modularity, ease of transport and installation, high
efficiency, and capacity for high-purity hydrogen
production. The calculation of hydrogen production over
the course of one year resulted in a total of 1,123 Tn,
showcasing the viability of the project and its potential to
bolster the sustainable energy landscape. However, it's
important to note that the applications for the energy
allocated for hydrogen production are somewhat
restricted, particularly in transportation. When compared
with other technologies, hydrogen production from
hydroelectric energy may not always be the optimal
choice.

In 2022, the nominal power in Ecuador was 8,864.37 MW,
of which 5,425.72 MW (58.56%) correspond to power
plants with renewable energy sources and 3,483.65 MW
(38.79%) to power plants with non-renewable energy
sources.

Among the total installed capacity, hydroelectric power
plants predominate among renewable sources, with
5,191.30 MW (95.68%). In 2022, the total gross energy
production in the country reached 33,008.30 GWh.
Ecuador still has significant untapped hydroelectric
potential, which could also translate into a capacity as a
hydrogen (H») producer. Therefore, it is necessary to
analyze this energy vector as part of the national energy
transition.
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