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Abstract

This paper assesses the feasibility of green hydrogen production in Brazil. By
green hydrogen, it is meant the hydrogen produced by the electrolysis of wa-
ter by consuming electricity produced by renewable sources. The country has
large areas with high solar irradiation and favorable wind velocities that help
to make wind power and solar PV economical alternatives. Other factors in-
clude lower investments and lower grid integration cost with respect to global
average, because of the large share of hydropower. As known, hydro plants
respond well to the short-term variability of renewable production. Local
regulations also incentivize renewable energy. For example, it is possible, ac-
cording to market rules, for a hydrogen producer to sign a financial Power
Purchase Agreement (PPA) contract with a producer or trader to secure a
firm, renewable energy supply for the electrolysis process. This market-driven
factor, and other key factors, such as low price of electricity, are considered in
an economic feasibility model. Results from this model suggest that Brazil
could become a green hydrogen powerhouse for the internal market and po-
tential exports to Germany and other European countries.
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1. Introduction

In July 2020, the European Union (EU) released its Hydrogen Strategy, ac-
knowledging the importance of hydrogen (H,) to meet its international obliga-
tions under the Paris Agreement. This strategy describes three phases that are

needed to speed up the deployment of a hydrogen market in Europe until 2050.
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In each phase, it is considered an increase in installed electrolyser capacity for
green hydrogen production and a further insertion of this technology in hard-
to-decarbonize sectors of the economy [1]. Countries outside Europe, such as
Japan and Australia are pursuing similar objectives [2].

The Communication of the European Commission (COM, 2020) 301 of July
2020 [1] states the following:

There are many reasons why hydrogen is a key priority to achieve the Eu-
ropean Green Deal and Europe's clean energy transition. Renewable elec-
tricity is expected to decarbonize a large share of the EU energy consump-
tion by 2050, but not all of it. Hydrogen has a strong potential to bridge
some of this gap, as a vector for renewable energy storage, alongside batte-
ries, and transport, ensuring back up for seasonal variations and connecting
production locations to more distant demand centers. In its strategic vision
for a climate-neutral EU published in November 2018, the share of hydro-
gen in Europ€ s energy mix is projected to grow from the current less than
2% to013% - 14% by 2050.

...Almost all Member States have included plans for clean hydrogen in their
National Energy and Climate Plans, 26 have signed up to the “Hydrogen
Initiative”, and 14 Member States have included hydrogen in the context of
their alternative fuels infrastructure national policy frameworks. Some have

already adopted national strategies or are in the process of adopting one.

Germany has announced an incentive of 9 billion euros for the development
of its hydrogen project. One of the goals of this strategy is to incentivize the de-
velopment of a domestic market for hydrogen, which is expected to reach about
90 or 110 TWh of hydrogen consumption until 2030. This is almost twice as
much as the current consumption of hydrogen in Germany, which accounts for
55 TWh. Of this consumption, only 3.85 TWh are currently produced by elec-
trolysis and the great majority comes from the steam reform of natural gas [3].

To meet the expected future demand, an additional 5 GW of electrolyser ca-
pacity will be built in Germany, representing 14 TWh of green hydrogen pro-
duction. However, that will not be enough to cover all new demand, which will
need to be met by imports. Therefore, Germany plans to build up and intensify
international cooperation and direct 2 billion euros of the previously mentioned
incentive to produce hydrogen abroad. The partner countries will be analyzed in
terms of availability of renewable energy and water resources, cost-efficiency of
hydrogen production, energy infrastructure and demand, availability of land for
hydrogen production, and social and socio-political framework [3].

This need for imports will also be shared by other countries in the European
Union [1]. In this scenario, Brazil could be a viable candidate to be a major sup-
plier of hydrogen for Europe. The present article discusses this possibility, de-
scribing possible advantages that Brazil may have in this global hydrogen market.

This work is organized as follows. In Section 2, a brief overview of the current

Brazilian electrical system is provided, focusing on renewable energy sources.
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Section 3 details the possible arrangements that a green hydrogen producer
could make to ensure a clean electricity supply. Section 4 provides a preliminary
feasibility analysis of the possible production of hydrogen in Brazil. Additional
factors that could provide an advantage to the country in this market are shown

in Section 5, and finally some concluding remarks are addressed in Section 6.

2. The Brazilian Case

Brazil has a surface area of 8.5 million km? equivalent to continental USA and
half of Alaska, and a population size of 211 million inhabitants [4]. Electricity
consumption in 2019 was 545 TWh and total installed capacity exceeded 170
GW. The power matrix has a high insertion of renewables, that accounted for
83% of all domestic electricity supplied (Figure 1) in 2019 with hydropower be-
ing the main source, with more than 100 GW of installed capacity. The share of
sugar cane biomass is also significant, as well as wind and solar power, that have
been experiencing large growth rates (15% and 92%, respectively, between 2018
and 2019 for these sources) [5].

Brazil’s hydro reservoirs and the countrywide transmission grid are used to
modulate the seasonal production of biomass and the fluctuations of wind and
solar power. The system reservoirs are used as “energy warehouses” that can
supply electricity to the system when there is a smaller generation with wind,
sun and sugarcane, since large reservoirs in cascade can be operated with rela-
tively high flexibility. A single integrated grid also supports the portfolio effect ob-
served by the combination of various sources of power production dispersed in such
alarge area. The high voltage grid (above 130 kV) has 140 thousand km of lines.

The observed growth of variable renewable energy (VRE) sources is due
mainly to its highly competitive costs, representing nowadays the cheapest re-
sources in Brazil [6]. For this reason, large amounts of solar photovoltaic (PV)

and wind power have been contracted through auctions. About 15,000 MW of
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Figure 1. Brazilian domestic electricity supply by source [5].
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wind and 4400 MW of solar power were contracted since 2010 and the auctions
that took place in 2019 had an average energy price of respectively 18 USD/MWh
and 15 USD/MWh, considering an exchange rate of 5.6 BRL/USD [6].

Given the country’s dimensions and available natural resources, there is a
huge potential for further development of VRE. Brazil ranks #3 in Bloomberg’s
Climatescope 2019. It attracted nearly $60 billion (by far the largest in Latin Amer-
ica) in new asset finance for clean energy plants in 2009-2018, with more than half
of this amount due to wind power and nearly a fifth due to solar power [7].

A few reasons explain why prices for VRE sources are low in Brazil:

1) Resources: capacity factors of wind power projects in Brazil tend to be high
(45% for the entire year, exceeding 70% in windier months). This is at least 50%
higher than the global average (less than 30%) [8]. Solar PV with widespread use
of 1-axis tracker is also competitive, because additional costs are more than
compensated by the value of the increase in energy production. There is also a
huge expansion potential for VRE installed capacity given the extensive areas of
good resource and cheap land.

2) Synergies: two other aspects are also beneficial to the economic develop-
ment of VRE in Brazil: a) the seasonal complementarity between wind and hy-
dropower, as wind power production increases during the dry season (Figure
2(a)); b) the existence of regions that simultaneously offer good conditions for
wind power (Ze. high wind speeds with smaller variability) and solar PV (good
irradiation). Furthermore, wind power tends to increase at night when solar PV
power is idle (Figure 2(b)). These aspects reduce the integration costs of VRE to
the grid.

3) Flexibility: VRE benefits from existing flexible resources in the system that
adequately mitigates short term production variability and provide balancing ser-
vices at competitive costs, such as hydro and thermal power. Brazil has over 100
GW of hydropower, a fast response resource, that accounted for 70.4% of total
electricity production in 2019 [9]. Reservoirs of hydro power plants store energy
that can offset short and mid-term intermittencies of VRE production (Figure 3).

4) Single National Grid: the existence of a single interconnected grid provides
massive power transfers between regions. A robust transmission network leve-
rages synergic and flexibility gains from different hydrologic patterns of a coun-
try with continental dimensions such as Brazil and different potentials for wind

and solar power generation as well.

3. Demand-Side Factors

A possible production of green hydrogen in Brazil could benefit not only from
the previously mentioned flexible and cheap renewable resources, but also from
incentives in contracting these “clean” sources and benefits in case of self-pro-
duction of electricity. Careful considerations of local power sector regulations,
which incentivizes renewable generation and self-production of electricity, are

important when studying detailed feasibility.
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Figure 2. (a) Seasonal and (b) hourly complementarity between
renewable sources. Data from [9].
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Figure 3. Hourly electricity production by source in Brazil. Data from [9].

Power needed for hydrogen production can be supplied by two arrangements:

1) Green H, producer develops, builds, and operates wind/solar projects to
self-produce electricity.

2) Green H, producer signs an energy supply contract with developer/trader
that grants the right over electricity produced by developer/trader of wind/solar
projects. This happens even if physically the demand is connected to the grid in
point A and the supply (wind/solar projects) is in point B. In this case there are
two possibilities: a) electrolyser “rents” projects from a seller (either supplier or
trader) and is characterized as a self-producer; b) electrolyser signs standard

Power Purchase Agreement (PPA) with producer.
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In both cases involving a contract, the energy developer/trader may be re-
quested to ensure firm supply to the electrolyser, which implicates that the seller
should price the production variability risk and the need to purchase shortfalls
between production and contracted volumes in the short-term market. For in-
stance, a seller may include “backup” energy from hydropower purchased from a
third-party and delivered to the electrolyser.

The benefit of a PPA is that it enables investments in new renewable genera-
tion capacity, since it provides certainty of a long-term revenue, reducing the
risks associated with electricity sales. That way it is also possible to track the
source of the electricity, ensuring that it is produced according to sustainability
criteria.

Large consumers of electricity, such as mining company Vale [10], have been
contracting electricity with developers of renewable energy in this fashion. This
arrangement has been categorized by regulator as a means of self-production,
providing economic advantages to the demand while transferring project devel-
opment, construction, and O & M to the party with this expertise.

A feasibility model would need to consider the financial structure of the
project with more details as well as other critical factors, such as:

o Logistics for the export of hydrogen-carrier.

e Local incentives and taxes.

e Connection of the electrolyser to the grid to assure no bottlenecks exist for its
supply.

e Transmission tariff, which has a locational component in Brazil that is im-
portant.

e Commercial model and premium for firmness of renewable energy.

The last three factors will only be considered in the second scenario, with an

energy supply contract.

4. Preliminary Feasibility Analysis

A portfolio of competitive solar PV + wind power can be negotiated between an
electrolyser demand and a supplier either directly or through a trader. The trad-
er also includes backup of renewable power to provide a firm load to the elec-
trolyser that is fully renewable. Altogether the company PSR-Energy Consulting
and Analytics estimates that such firm load supplied 100% by renewable elec-
tricity would be priced around US$ 30 - 35 per MWh considering regulations
and incentives.

Besides the electricity cost, the production costs of green hydrogen also de-
pend upon the electrolyser’s investment cost and its load factor [11]. Whereas
the electrolyser’s CAPEX depends mostly on the scale up of its production and
on technological advances that are dictated mostly by the global market, the
electricity and load factors are “local” and, as previously commented, provide an
advantage for Brazil, given its competitive price for renewable electricity and a

high load factor of electrolyser usage.
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A financial model was built to evaluate the cost of green H, production in the
country as a function of 1) investment cost for the electrolyser; 2) yearly plant O
& M cost; 3) unit price of renewable electricity efficiently procured with produc-
ers or traders; 4) efficiency of electrolysis, expressed as kg of produced H, per
MWh of electricity; 5) economic data, such as discount rate and project lifetime;
6) the number of operation hours per year of the electrolyser (or, equivalently,
plant factor).

A conservative analysis made by PSR using this financial model showed an es-
timate of US$ 2.5 per kg H,, considering electrolyser/BOS cost of 750 US$/kW
and electricity price of 3 cents USD per kWh. This estimative was calculated
considering a electrolyser capacity of 1 kW, a lifetime of 10 years, an yearly
OPEX of 2% of the total CAPEX, an efficiency of 19 kg of H,/MWh, a discount
rate of 10% and a load factor of 92%.

The calculation of hydrogen production cost ($/kg) considers the sum of an-
nual costs for green hydrogen production ($/kW-yr) divided by its annual pro-
duction (kg/kW-yr). The annual costs are the sum of yearly payment of CAPEX
at the defined discount rate, yearly OPEX and cost of electricity used within the
year, that is the price per kWh multiplied by the load factor and the total hours
in a year. On the other hand, the total production of hydrogen in a year can be
calculated by the multiplication between efficiency (g/kWh), load factor and the
total hours in a year.

By running the financial model and registering the dependent variable (H,
cost) for combinations of key input data (independent variables) that varied
within certain intervals, it was possible to build a large matrix of possible out-
comes and use it to adjust a linear regression, as given by Equation (1).

The analysis of such regression assisted the understanding of the relative im-
portance of each input factor in the calculation of green H, cost. The linear re-

gression yielded the following expression:
y=3.49-1.15x107  +1.38x107c+5.08x102 p—1.31x10""e (1)

where:

y = cost of green H, (US$/kg);

£= electrolyser plant factor (p.u);

c = electrolyser CAPEX (US$/kW);

p = electricity price (US$/MWh);

e = efficiency of the electrolysis (kg/MWh).

In addition to the cost of production, the price of hydrogen sold in Europe
would depend also on the transport of such molecule. Internal transport costs in
Brazil will depend on the location of the plant where the hydrogen is produced
and processed into a derivative such as ammonia which is easier to transport.
The choice of venue would be influenced primarily by the availability of renewa-
ble resources, fresh water, and the proximity to a port terminal where it is possi-
ble to transport ammonia. For those reasons, a candidate location would be Ba-

hia (a Brazilian state), specifically near the port Aratu, just north of the State
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capital Salvador. It is one of the two ports in Brazil that are authorized to export
ammonia and is near areas with great wind and solar potential (Figure 4).

In the state of Bahia there are places with low water availability. Thus, a study
over the exact place to install the plant would be needed. Considering such loca-
tion, the internal transport cost has little impact on the final price of the hydro-
gen.

The transport of Hydrogen from Brazil to Europe has its own complexity. Due
to hydrogen’s low energy density, transportation requires either high pressure
compression (350 to 700 bars) or liquefaction at —253°C. Both options are ener-
gy-intensive, not very practical, and not economical for large distance transport.
A possible option would be to use ammonia (NH;) as a liquid carrier since it has
a 50% higher volumetric energy density than liquid hydrogen and liquifies more
easily at —33°C or with pressure less than 10 bar [13].

Green ammonia can also be used as shipping fuel, given its flexibility to work
either with fuel cells or existing diesel or dual-fuel engines [14], and thereby
contribute to significantly reducing the carbon footprint of the transport of NH,.

According to [15], the cost of converting hydrogen to ammonia should add
roughly US$ 1/kgH, whereas long-distance travel of liquid ammonia could add
another US$ 0.2/kgH,. Thus, a first estimate for the final H, cost in Europe, in
the form of liquid ammonia, would be in the range of US$3.0 to 3.7 per kg.

Once the hydrogen derivative reaches the import terminal, it needs to be dis-
tributed for final use. According to [15], the cost of extracting and purifying the
hydrogen at the point of end use, in the case of ammonia, would be equivalent to
US$ 1.5/kgH,. It, however, could be directly used by the final customer, such as
the chemical industry, without reconverting it back to hydrogen. Thus, the cost
of distribution would be considerably lower, at US$ 0.4/kgH, [15].
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Figure 4. State of Bahia showing electricity generation assets and the Port of Aratu [12].
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5. Additional Factors

In addition to offering a cheap renewable energy, Brazil has other attributes that
would support the development of an internal hydrogen market and the pros-
pects of becoming an important supplier to Europe. They are:

1) A cheap source of green hydrogen could be competitive for various sectors
in the Brazilian economy, creating an internal market:

a) Brazil is a major exporter of agricultural produce and an importer of ferti-
lizers. In 2019 the country imported US$ 2.4 billion worth of nitrogen-based fer-
tilizers, mostly in the form of urea [16]. A cheaper hydrogen feedstock could
enable a local production of competitive green fertilizers, replacing the need to
import such products. That substitution would be advantageous to the economy,
especially if small-scale, distributed electrolysis technologies evolve, because they
would avoid internal logistical difficulties that increase costs to farmers.

b) Given the country’s large export activity and dependency on road trans-
portation, the Brazilian transportation sector is a large consumer of fossil fuels,
being responsible for almost 80% of total diesel consumption in 2019 [5]. In this
scenario green ammonia or hydrogen could play a vital role in reducing the sec-
tor’s greenhouse gas emissions by replacing oil used in trucks and maritime ves-
sels, if it became sufficiently cheap.

¢) The hydrogen could also be used as a feedstock in the reduction of iron to
produce steel and a source of heat in the production of cement [17]. Both indus-
tries could benefit from a cheap hydrogen produced in the country, replacing the
fossil fuels that are used nowadays.

d) The large Brazilian production of biofuels, such as ethanol and biodiesel
[18], could provide CO, from the fermentation process that would be necessary
to produce green methanol. With a cheap hydrogen, it would be possible to have
a cheap methanol produced locally, reducing, or even eliminating the current
need to import such product.

2) Geopolitical stability and an established democracy may be an advantage
compared to other locations where green hydrogen could be produced, such as
the Middle East and North or West Africa.

3) The potential to expand variable renewable energy production in the coun-
try is huge considering the availability of cheap land with abundant wind and
solar resources. Also, the existence of a flexible and integrated national grid al-
lows the energy to be generated far from the H, plant.

4) Since Brazil produces most of the electricity from different types of rene-
wables, there is a conducive environment for the construction of new renewable
energy capacity. The mature wind and solar industries in Brazil have the re-
sources to develop large projects given the acquired knowhow by the workforce
[19] and the established supply chain. Also, there is a solid regulatory framework
for large renewable projects, allowing large projects to be developed in short
timeframes.

5) Between 1824 and 1969, nearly 250,000 Germans emigrated to Brazil, espe-
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cially in the South of the country [20]. Given that Germany is currently leading a
national strategy for green hydrogen, Brazil may benefit from this historical
diplomatic relationship and the fact that an estimated 1600 German companies
are installed in Brazil, representing 8% - 10% of the Brazilian Industrial GDP
[21]. Furthermore, most of the member companies of the German Hydrogen
Association have subsidiaries in Brazil and green hydrogen is already an impor-

tant topic in the technical cooperation between the two countries.

6. Conclusions

The European Union has announced a strategy to develop a market for green
hydrogen as part of the efforts to reduce greenhouse gas emissions. To imple-
ment this strategy, it is expected that green hydrogen will be also supplied by
foreign countries with favorable conditions for production. Natural contestants
are Northern African and Middle East countries that enjoy good primary re-
sources and have a geographical advantage.

Brazil, however, can compensate the larger distance to Europe with other
outweighing factors, such as the existence of a thriving internal market for re-
newable energy and the fact that renewable energy already is the cheapest
source, as demonstrated by the electricity auctions [22] [23] [24]. This is partial-
ly explained by the benefit of plenty of flexible hydropower in the country, that
compensates cheaply and effectively the variability of other renewable sources,
thus contributing to lower integration costs. Another important aspect is that it
is expected a near to 100% electrolyser plant factor based on PPA contractual
agreements with renewable energy producers in the country.

The fact that Brazil is an agricultural powerhouse that currently imports ni-
trogen-based fertilizers and the massive exports of mining and agricultural
products, both heavy users of oil-based maritime navigation, opens possibilities
for an internal market for green hydrogen and derived products. This means
that European imports of Brazilian green H, could trigger a large internal mar-
ket build-up in Brazil with the potential to sustainably develop the local econo-

my with positive externalities to the environment.
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