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Abstract: Electrification using renewable energy sources represents a clear path toward solving the
current global energy crisis. In Colombia, this challenge also involves the diversification of the
electrical energy sources to overcome the historical dependence on hydropower. In this context, green
hydrogen represents a key energy carrier enabling the storage of renewable energy as well as directly
powering industrial and transportation sectors. This work explores the realistic potential of the main
renewable energy sources, including solar photovoltaics (8172 GW), hydropower (56 GW), wind
(68 GW), and biomass (14 GW). In addition, a case study from abroad is presented, demonstrating
the feasibility of using each type of renewable energy to generate green hydrogen in the country. At
the end, an analysis of the most likely regions in the country and paths to deploy green hydrogen
projects are presented, favoring hydropower in the short term and solar in the long run. By 2050,
this energy potential will enable reaching a levelized cost of hydrogen (LCOH) of 1.7, 1.5, 3.1 and
1.4 USD/kg-H, for solar photovoltaic, wind, hydropower and biomass, respectively.

Keywords: green hydrogen generation; renewable energy potential; LCOH; hydropower; solar;
wind; biomass

1. Introduction

The current energy supply in Colombia exemplifies the global need for an energy
transition toward low-carbon energy sources. According to the Unidad de Planeacion
Minero Energética (UPME), the total energy demand in Colombia in 2020 was mainly
based on liquid fuels, natural gas and electricity, as shown in Table 1 [1]. Concretely,
the energy transition needs to address simultaneously the reduction in polluting gases
and supplying the increasing energy demand expected in the coming years. The current
strategy to solve both challenges is through electrification using clean renewable energy
sources. The geographical location of Colombia allows the development of several clean
energy sources including wind, hydropower, and solar energy. Historically, hydropower
has been successfully exploited to the point that the country is recognized as having one of
the cleanest electricity grids in the world [2]. However, there is an electricity supply risk
due to the excessive dependence on hydropower, which is strongly affected by weather
conditions as has already happened in the past [3].
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Table 1. Energy demand in 2020 in Colombia and projection to 2036 for the main current energy sources.

Sources Demand in 2020 Average Growth Rate per Year during 2022-2036 (%)
Liquid fuels (GWh-eq) 165 13
Natural gas (GWh-eq) 93 0.5
Electricity (GWh) 76 25

In this direction, diversification of the energy sources favors energy production and
enables reaching nationwide energy coverage taking advantage of the diverse ecosystems
and environments. The diversification challenge is also required, since it is impossible to
think of constant renewable energy generation due to the variability of climatic conditions
such as the solar brightness, droughts and intermittent wind currents that prevent the
constant generation of electricity. In this context, there is an evident need to implement
energy storage solutions to secure renewable energy generation. The most widespread
solution is being provided by batteries, which have disadvantages with respect to hydrogen
due to their heavy weight, long charging time and larger carbon footprint in their lifespan.
In contrast, hydrogen can be used as a storage source and as an energy carrier for multiple
applications and industries, as shown in Figure 1. Additionally, hydrogen has a higher
calorific value than other fuels used industrially.
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Figure 1. Hydrogen chain from the sources and production processes to final applications. Own
scheme, inspired from [4], icons from Flaticon.Com.

Hydrogen represents an energy carrier like electricity in the sense that it can be
produced from different sources and used in various applications [5]. The diversity of the
sources and processes to generate hydrogen has led to a color classification where each
color has a different carbon intensity ([KgCO,/KWh] = KgCOxeq), as shown in Table 2. For
the particular case of green hydrogen, the most spread definitions state it as [6-8]:

e  “The hydrogen produced by splitting water into hydrogen and oxygen using renew-
able electricity”;

e  “Green hydrogen projects operate with less than 4.37 kg COxq per kg Hy”.
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Table 2. Hydrogen color classification [6,7].

Carbon Intensity

Terminology of Hydrogen Source Process (kgCOz-eq/kgH,)
Green Renewable Water electrolysis <4.37
Blue Coal and Natural Gas + CCUS * Natural gas refurbishment + CCUS * <4.37
Turquoise Biogas Pyrolysis Solid Carbon (by-product)
Grey Natural Gas Natural gas refurbishment 11.3-12.1
B Lignit
gf:l?l? 1Cg(iille Gasification =19

* CCUS: Carbon Capture, Use and Storage.

Reaching a viable production of green hydrogen requires low-cost renewable energy
sources. To quantify this, the levelized cost of energy (LCOE) indicator is used to compare
energy sources based on the price per MWh produced over their lifetime. In the last decade,
the LCOE of renewable energy has become competitive when compared to hydrocarbon-
based sources. That is the case of solar photovoltaic energy, which has reduced by 87%
during this period of time. Similarly, onshore and offshore wind energy have reduced
their LCOE values by 64% and 57%, respectively [9]. This scenario favors the generation
of renewable energy reaching a competitive levelized cost of hydrogen (LCOH), which
represents the cost per kg of Hy generated over the lifetime of the technology employed.
In 2016, the LCOH of hydrogen produced from solar energy and PEM electrolysis was
13 USD/Kg-H; [10]. Fortunately, this cost has decreased to 5-6 USD/kg-H; [11] thanks
to the economy of scale [12]. This perspective makes hydrogen produced from renewable
sources attractive in the long term. In fact, by 2030, it is expected to reach values below
2 USD/kg-H; [11]. An interesting case can be found using biomass pyrolysis, which
potentially can lead to an LCOH between 2.8 and 3.4 USD/kg-H, [10]. This LCOH is above
the one achieved by fossil fuels (1.5-2.4 USD/kg-H,) but below that produced by solar,
hydro and wind energy. According to the World Bank, 2000 million tons of urban solid
waste is generated each year [13], which can produce 100 million tons of hydrogen per year
with a yield of 0.05 kg-H, /kg-waste [10]. This raises a good prospect for the use of biomass
pyrolysis as a renewable source along with those mentioned above. However, biomass
pyrolysis has disadvantages, which are its future availability if used on a large scale and the
need to use gas heating and handle residual carbon capture during the production process.
Finally, it is worth mentioning that besides the LCOH, it is required to consider the carbon
intensity (Table 2) to assess the sustainability level of each energy alternative.

The aim of this work is to identify the most prominent renewable energy sources in
Colombia attending its natural resource potential and the application of each renewable
energy source to generate hydrogen. The last is exemplified using a case study developed
in other countries including its production, efficiency and costs. Finally, the deployment of
similar projects in the country is analyzed from the perspective of the generation.

2. Solar Power for Green H, Generation

Solar energy is the most abundant renewable energy resource available. According
to estimates, the world’s energy demand could be met by installing 1% efficient solar
panels in 1% of the global area of sun incidence [14]. In this regard, the geographical
location of Colombia close to the equatorial region has considerable advantages for the
implementation of photovoltaic systems. As can be seen in Figure 2a, the average solar
radiation is around 4.5 kWh/m? per day with values close to 6.0 kWh/m? per day on the
north coast of the country and in the region of Santander [15,16]. The radiation potential
in Colombia has low variability during the year and is above most regions of the USA,
Canada, and European countries, which makes it a promising country for the development
of photovoltaic projects.

The adoption of solar technology in the country has been steadily increasing. In 2019,
the total installed generation capacity reached 90 MW, which is equivalent to around 0.5%
of the capacity of the national electrical grid [17], and it is expected to reach 741 MW in
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2022 after including solar parks such as El Paso (Cesar, 86.2 MW) and San Fernando (Meta,
61 MW). The implementation of tax exemption policies, a regulatory framework for the
sale of surplus electricity [18] and the design of renewable energy auctions have strongly
fomented the implementation of solar technology which is evidenced by the addition
of 1300 MW of new solar installations to be developed before 2025 [19]. This result is
perfectly aligned with the plans of the government toward the energy transition and carbon
neutrality goal by 2050 [20,21].

The most studied routes to generate hydrogen from solar energy using water split-
ting are solar thermochemical, photoelectrochemical, photovoltaic—electrochemical, and
photocatalytic technologies. In addition, other novel routes include technologies based on
photothermal catalytic and photobiological effects that are still at the research stage [22-26].
One of the most extensively reported routes is the photovoltaic—electrochemical water
splitting in which two separate systems are employed: a photovoltaic cell and an elec-
trolyzer. Both technologies are technically mature, economically competitive and have
already been commercialized, reaching efficiencies levels around 18-22% and 60-83%,
respectively. The combination of these facts is the main advantage of this route of hydrogen
production despite its high energy requirements compared to other routes [22,27-29]. It
is important to note that the photovoltaic—electrochemical route for H, production is the
most energy-intensive and kinetically slow step in the overall water-splitting process [30].

2.1. Solar Potential in Colombia

Estimating the total solar potential of the country involves many assumptions that
may be unrealistic. For instance, a study estimated that 12.3 TWh/year could be generated
in the Caribbean region under the assumption of a constant amount of solar radiation
throughout the year and using the entire area of the region [31]. In a more insightful way, a
recent study [32] was conducted to estimate the total area available for solar energy projects
(Figure 2b) considering characteristics and restrictions of the Colombian territory such as:

Physical: wetlands, slopes, available area, etc.

Biotic: protected areas, ecosystems, etc.

Economic: distance to roads, electricity grid and urban areas, etc.
Cultural: archaeological zones and ethnic territories.

Political: post-conflict zones.

At the end, when considering the remaining available area, a solar power density of
0.5 MW /ha, and solar modules with 20% efficiency, it was determined that Colombia could
generate 11,569 TWh/year with an installed power capacity of 8172 GW [32].
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Figure 2. (a) Global horizontal irradiation. Total per day and per year (units: kWh/m?). Adapted from
Global Solar Atlas [15] which was published under Creative Commons CC BY 4.0, (b) Areas with some
restrictions for solar projects (dark gray) [32]. Figure 2b was taken from “Andlisis espacial multicriterio

1388

para la ubicacioén de parques edlicos y granjas solares en Colombia” [32], which was published under
Creative Commons CC BY-ND 4.0.

Cities constitute an ideal environment to generate solar power. In general, population
centers consume about 70% of the energy and in contrast have a low contribution to energy
generation. In a study of the business opportunity of distributed solar generation (DSG)
in Colombia [33], the technical potential of these installations was determined based on
the meteorological conditions of the main Colombian cities (temperature and solar irra-
diation), the number of users and their monthly and annual electricity consumption, the
housing conditions for the installation of a DSG system, and the restrictions on the use
of the available physical space. It was found that about 8 million installations totaling
12.44 GW could be realized in the national residential sector [33]. Table 3 shows the solar
radiation potential of the five most populated cities in the country [34]. From these val-
ues, the annual generation potential with a small residential system (installed capacity of
1 kWp) was estimated. Remarkably, thanks to the geographic location of Colombia, the
photovoltaic electricity generation could be comparable or even higher than that gener-
ated by a solar plant of the same size located in cities where solar hydrogen generation
systems are currently operating. For example, a solar plant located in Barranquilla would
generate 330 kWh/m? per year more than a solar plant in Castres (France) where a solar
generation station currently operates for self-consumption for mobility with a capacity of
74 Ton Hy /year [35]. These values show the great potential of Colombia to use decentralized
photovoltaic systems for contributing to the energy diversification.
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Table 3. Solar radiation potential in the most populated cities in Colombia and in cities currently
operating solar Hy generation projects around the world.

PV Power Output—Small

Global Tilted Irradiation H; Application and

City 2 Residential .
(kWh/m*/year) (MWHh/Year) Solar H, Production
Bogota 1741 1.36 NA
Medellin 2009 1.53 NA
Cali 2004 1.55 NA
Barranquilla 2126 1.61 NA
Cartagena 2085 1.58 NA
Worldwide cities with Hy—Solar projects in operation
Castres (France) 1612 1.28 Mobility, 74 TonH, /year [35]
Colina (Chile) 2270 1.72 Mobility, 0.7 TonH, /year [36]
Shanghai (China) 1774 1.41 Mobility, 19 TonH, /year [37]
2.2. Case Study: Solar for Green Hy Generation
Spain has set the goal of achieving 4 GW electrolyzer capacity by 2030. Toward this
end, Iberdrola and Fertiberia have developed the largest green hydrogen plant in Europe [38].
It involves a solar plus storage system unique in its kind. The location of the project was
selected because of the availability of the solar resource and the direct use of green hydrogen
to produce ammonia. The project constitutes a reference for a more ambitious plan of the
companies to develop 830 MW capacity in electrolyzers before 2027 (Table 4).
Table 4. Case study: Solar for green Hj generation (image source: Imagery © 2023 CNES/ Airbus,
Maxar Technologies, Map data © 2023 Inst. Geogr. Nacional).
Case Study

Solar PV for Green H, Generation

Project name

Renewable energy source
Location
Solar potential in the region

Developer

Location selection criteria
Hydprolysis technology
Installed capacity

Hydrogen production capacity
Project cost

Deploy time

Status

Hydrogen end-use

References

Iberdrola green hydrogen plant in
Puertollano

Solar energy
Puertollano, Castilla la Mancha, Spain
Between 4.6 and 5 kWh/m?2

Iberdrola, S. A. and Fertiberia

A prime location with an important industrial hub and high solar irradiation in the zone
20 MW proton exchange membrane electrolyzer

100 MW including a battery storage of 20 MWh/5 MW

3000 ton-Hj /year

EUR 150 million

Completed in May 2022

Operational

Green fertilizers

[39-41]

The solar energy harvested in the case study in Puertollano could potentially be
matched in most of the Colombian Caribbean cities and in country-side cities such as
Tunja, La Pintada, Giron, Lebrija and Yopal, which are also close to agro-industrial centers
requiring green fertilizers. However, in order to take advantage of Colombia’s potential for
solar photovoltaic generation, some challenges associated with the implementation of solar
energy projects in Colombia are identified:
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e  Encouraging financial support and initial investment: The establishment of solar parks
requires substantial initial investment and financing that can be leveraged with foreign
or mixed public—private investment.

e Land use: Although Colombia has regions of high solar radiation potential, the
regulation and facilitation of land use for solar PV projects limits their implementation
due to protected areas and regions with restricted access due to violence.

e  Boosting research and technological development: Research and technological devel-
opment is essential to reduce Colombia’s dependence on foreign countries for the
production of solar panels, inverters, regulators and other critical components needed
for PV installations.

e Expanding the grid: An imperative challenge is to expand the grid to accommodate
the integration of solar energy and ensure its effective distribution.

3. Hydropower for Green H, Generation

Hydropower is the oldest form of renewable electricity. In terms of installed capacity, the
top five countries are China (391 GW), Brazil (109 GW), the United States (102 GW), Canada
(82 GW) and Russia (56 GW). Colombia is in the 20th place with 11.9 GW [42]. As agreed in
COP26, to keep the global temperature rise below 1.5 °C and reach net zero emissions by 2050,
the world leaders agreed to phase down coal. Hydropower has the potential to replace coal,
since it provides both power and energy storage. However, this goal would require adding
45 GW/year of new hydropower capacity, and in the last 5 years, just an average of
22 GW/year has been added [43]. Remarkably, hydropower plants are the most challenging
renewable energy projects. In general, they involve the following challenges:

- Environmental: affectation of forest and wildlife habitat.

- Social: human forced displacement, arbitrary decision on water usage and loss of
patrimonial lands.

- Economic: loss of agriculture lands and high start-up costs.

Hydropower has an undeniable potential to generate hydrogen. In 2021, the global
hydropower installed capacity reached 1.36 TW and generated 4.252 TWh [43], resulting in
a relatively low 35.7% capacity factor (around the world, the capacity factor of hydropower
projects lies in the range 25-80% [44]). If the current hydropower infrastructure were
used up to a 75% utilization rate, the excess electricity would be able to generate all
the current global hydrogen demand (94 million tons [45] assuming a 50 kWh/kg-H,
during electrolysis). Interestingly, the use of hydropower to generate hydrogen was first
implemented in 1927 when Norsk Hydro developed a 167 MW electrolyzer plant to supply
H, for ammonia production at Rjukan, Norway [46]. In this section, the potential of
hydropower in Colombia is presented as well as a case of study located in Québec, Canada.

3.1. Hydropower Potential in Colombia

Colombia is a country rich in water resources. In 2020, the installed hydropower
capacity was 11.93 GW [47] and generated 68% of the electrical energy demand of the
country (93% of this capacity is installed in large hydropower plants). In the same year,
the final energy produced by all hydropower plants reached 47.28 TWh [47]. Accordingly,
the hydropower facilities have a utilization rate of 45%. Clearly, the hydropower capacity
is underutilized due to several factors including low electrical demand, strategic water
management, and water lost through the spillways (512 GWh in 2020 [47]). Excess hydro-
electricity has the potential to be used to generate hydrogen toward supporting the energy
transition in the country.

A general analysis in the country estimated the potential of hydropower generation as
56 GW [48], which is characterized by hydropower plant type and hydrological region in
Table 5 and Figure 3. This potential is mainly associated with large power plants (76.76%,
plants > 40 MW) located across all the country but with less potential capacity in the Pacific
and Caribbean regions.
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Table 5. Hydropower potential in Colombia per type of power plant and region (units: MW) [48].

Region Hydropower Plant Type
L Percentage
arge .
Hydropower Type Region Pico Micro Mini Small per Region
20-40 MW >40 MW
Amazonas 0.29 2.80 26.95 903.31 1518.30 9522.54 21.3%
Caribe 0.21 1.94 16.84 436.48 749.31 2922.07 7.3%
Magdalena-Cauca 0.51 5.23 47.57 1.646.20 2808.65 17,713.62 39.5%
Orinoco 0.36 3.60 35.79 1.230.96 2205.01 10,227.24 24.4%
Pacifico 0.17 1.65 15.98 568.66 831.95 2743.60 7.4%
Percentage per type 0.003% 0.03% 0.26% 8.52% 14.44% 76.76%
TOTAL POTENTIAL 56.19 GW 100%

Hydropower
potential (MW)

> 400

100-400

50-100
20-50
20-50
0-10

Figure 3. Hydropower potential in Colombia for a 1 km horizontal conduction length (units: MW).
Sources: Esri, USGS | Esri, HERE, Garmin, FAO, NOAA, USGS [49].

The production of hydrogen from hydroelectricity is currently the most cost-effective
in comparison with the rest of the renewables. Such economic competitiveness could be
further increased if the H, production is based on the use of the surplus electricity due
to demand reduction or increased production from the increase in water flows during
the wet season in the power plants [50,51]. Perhaps the large-scale hydrogen market in
Colombia through hydroelectricity could also be supported by the short-term market or
energy market, which consists of a daily auction in which each generator offers a single
price and its hourly availability for 24 h the next day. The price depends on each generator
and is generally considered the opportunity cost of water. Currently, generators with more
than 20 MW are required to enter the energy market; between 10 and 20 MW is optional
and less than 10 MW is not centrally dispatched. After the price is agreed, all the generators
are remunerated at the market price. This scheme to date has worked to cover the demand
for energy in Colombia. In this sense, hydrogen generation plants could be created near



Energies 2023, 16, 7809

9o0f21

the main export ports of the country and the large consumption centers supported by a
short-term energy market destined to meet the energy demand of the electrolyzers from
the daily surpluses of the country’s generating companies.

3.2. Case Study: Hydropower for Green Hy Generation

According to the IEA global Hydrogen Projects Database [52], there are two projects
to generate green hydrogen from hydropower: one in final investment decision (FID) and
the second one operational. Both projects are located in Canada. The operational project in
Bécancour was selected as a case study as follows (Table 6).

Table 6. Case study: hydropower for green H, generation (image source: Imagery©2023 Airbus,
CNES/ Airbus, Maxar Technologies, Map data©2023).

Case Study

Hydropower for Green H, Generation

Project name
Renewable energy source

Location

Hydropower potential in the region

Developer

Location selection criteria

Hydrolysis technology

Installed capacity

Hydrogen production capacity
Project cost

Deploy time

Status

Hydrogen end-use

Cost of hydrogen

References

Air Liquide Bécancour

Hydropower dedicated from
Hydro-Quebec

Bécancour, Québec, Canada.

160.000 MW /Installed: 76.000 MW

) e

Liquid Air: a French multinational that provides industrial gases.

The selection of the location was justified by the abundant clean energy from
Hydro-Québec and access to the mobility market in the northeast of the continent

Proton exchange membrane—PEM.
HyLYZER® Water electrolyzers from Cummins

20 MW

3000 ton-Hj /year

Not available

Under two years. Construction included the company Hatch
Operational

Mobility and industry

Not available but presumably 5-6 USD/kg-H, [53]
USD$3.41 USD/kg-H; assessed by S&PGlobal using PEM in Alberta
Canada [54]

[55-58]

As shown previously, the installed capacity of the Bécancour project is 20 MW, which
could be easily reached by any large hydropower plant in Colombia. However, clearly,
the potential capacity in just the Québec region (160 GW [58]) surpasses the potential
capacity of Colombia (56 GW). It is important to note that the Becancour’s project generates
3000 ton-Hj /year which, for the installed capacity of 20 MW, requires a factor capacity of
85.6% (assuming a production yield of 50 kWh/kgH;). Accordingly, this project works
with a dedicated hydropower source. It is not based on electricity excedents.

4. Wind Power for Green H, Generation

Wind turbines emerged more than a century ago and are very attractive because
they produce electricity by using the kinetic energy created by air in motion hitting the
turbine blades. Nowadays, wind energy is one of the key sources of renewable energy
and is becoming very attractive due to cost reductions. According to IRENA’s most recent
report [59], the LCOE of new onshore and offshore wind projects added in 2021 fell by
15% to USD 0.033/kWh and by 13% to USD 0.075/kWHh, respectively. In the first case, this



Energies 2023, 16, 7809

10 of 21

value is even lower than the one for Solar PV (USD 0.048/kWh). The total global installed
capacity of onshore and offshore has jumped from 7.5 GW in 1997 to approximately
770 GW by 2021, which is an increase of almost 102 times [60].

Some challenges for implementing wind power for green H, generation include the
following. The limitation of the wind-hydrogen electrochemical coupling system is due to
the intermittent ability of the wind to produce electricity. Although operating electrolyzers
in an intermittent way is technically viable [61], it is not recommended since it decreases
the lifespan and efficiency of the electrolyzer.

In addition, considering the high investment cost, the economics of electrolyzers demand
high utilization rates. Therefore, it is not economically competitive to produce H; from limited
peaks of power [62,63]. This fact enhances the development of complementary distributed en-
ergy systems with different types of energy, operation modes, control equipment and its control
strategy. In line with the above, an auxiliary power grid preferably with non-conventional renew-
able energy sources with high-capacity factors superior to wind/photovoltaic are recommended
to ensure that the electrolyzer is functioning at full capacity.

4.1. Wind Potential in Colombia

The potential of wind energy generation is directly related to the wind speed and has
been generally seen as a function of the power density (W/m?). For the case of Colombia,
as shown in Figure 4a, in La Guajira, located at the north zone of Colombia, there is a high
density of wind power. For this reason, in 2004, the first wind farm with an installed capacity
of 19.5 MW was deployed in this place and was still in operation initially until 2023 [64].
Currently, there are several projects in different phases that are already operating or that will
be operating soon. Very recently, another onshore project in La Guajira, named Guajira 1, with
an installed capacity of 20 MW started operation in January 2022 [65]. For the case of offshore
projects, the city of Barranquilla is planning to develop a 350 MW project [66].
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Figure 4. (a) Wind energy density of Colombia at a level of 50 m above the ground (UPME) [67].
(b) Areas with some restrictions for wind projects (dark gray) “Andlisis espacial multicriterio para
la ubicacién de parques edlicos y granjas solares en Colombia” [32]. Figure 4b was taken from
reference [32], which was published under Creative Commons CC BY-ND 4.0.

After a detailed analysis, considering not only the wind potential but relevant restric-
tions such as environmental and tourist restrictions, type of technology, distance to the
electric grid, and some other factors [32], the areas to install wind projects are strongly
reduced (Figure 4b) and the Colombian potential for onshore and offshore wind energy
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is estimated to total 67.8 GW (19 GW onshore and 48.8 GW offshore) [32], which could
allow the generation of 172 TW/year. In terms of the CAPEX, for a 100 MW wind park, the
value can range from USD 157 million to 188 million, while the LCOE can vary from 25 to
100 USD/MWh, depending on the location [32].

4.2. Case Study: Wind for Green Hy Generation

The case study corresponds to the largest offshore wind-to-hydrogen plant in Eu-
rope. The generated hydrogen is planned to be transported through the HyTransPort
pipeline (Table 7) [68].

Table 7. Case study: hydropower for green H, generation (image source: Imagery © Aerodata
International Surveys, Airbus, Maxar Technologies, Map data © 2023).

Case Study

Wind for Green H, Generation

Project name
Renewable energy source
Location

Wind potential in the region

Developer

Location selection criteria
Hydrolysis technology
Installed capacity

Hydrogen production capacity
Project cost

Deploy time

Status

Hydrogen end-use

References

Rotterdam Offshore Wind Coalition
Wind energy
Port of Rotterdam, the Netherlands

Constructing 5 to 7 wind farms in the
2016-2023 of at least 700 MW
[69]

Shell Nederland
Reduction in CO, emissions and efficient use of raw materials and residues of the port
proton exchange membrane electrolyzer

200 MW at least 150 MW of new wind power will be added

21.900 ton-Hj; / year

Not available

3 years (it will finish in 2025)

Under construction

Supply the Shell Energy and Chemicals Park

[68-72]

The offshore wind potential of Rotterdam is around 900 W/ m? [73], which is matched
and even surpassed in Colombian Caribbean cities such as Barranquilla and Santa Marta
in offshore conditions. The city Piyohureka in La Guajira also surpasses the Rotterdam
potential in both onshore and offshore conditions.

5. Biomass for Green H, Generation

Biomass is a renewable energy source resulting from organic waste from humans,
animals, crops and forestry. It is considered renewable because our society and nature will
keep producing it. Biomass projects face several challenges including the following.

Environmental: deforestation, biodiversity loss and land degradation. Basically,
encouraging its production is controversial, since it implies generating more waste
leading to the depletion of valuable resources such as water, soil and fertilizers. In
addition, biomass processing and its usage generate greenhouse gas emissions such as
CO; during direct combustion and methane when biomass is transformed into biogas.
The biogas resulting from the anaerobic fermentation of biomass contains a mixture of
methane (55-65%), CO, (30-45%) and traces of H,S and water. All efforts to prevent
methane reaching the atmosphere are justified, since its warming potential is 25 times
that of CO, [74].

Social: biomass as an energy source can compete with food production, leading to
social conflicts.
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- Legal: regulatory barriers associated with the lack of standardization.
- Technical: the solution is not scalable. It is limited by the availability of high-quality
biomass (the biomass leading to high conversion efficiencies).

Table 8 shows the biomass transformation processes by biological and thermochemical
routes and the final products generated. Accordingly, compared to other carbon-based
energy resources such as natural gas or coal, biomass is a neutral-carbon renewable alter-
native that plays an important role as a transition resource toward a fully decarbonized

energy supply.

Table 8. Main routes to acquire hydrogen from biomass [75].

Category Process Subprocesses Final Products
- Hy/CO;
Anaerobic digestion Reforming shift H,/CO,
Pyrolysis H,/C
Biological Fermentation Reforming shift H,/CO,
. . Photobiology Hy/0,
Metabolic processing Bioshift H,/CO,
Bioshift H,/CO,
Gasificati Shift H,/CO,
asification Synthesis — Reforming shift H,/CO,
Reforming shift H,/CO,
Thermochemical High-pressure - H,/CO,
aqueous Reforming shift H,/CO,
. Severe H,/C
Pyrolysis Reforming shift H,/CO,

An intense debate has surged around considering green hydrogen generated from
biomass. Clearly, the main routes for transforming biomass into H, (Table 8) do not
completely fit any of the definitions of green hydrogen presented in the introduction.
Firstly, the transformation of biomass into Hj is not achieved by the direct application
of renewable electricity. Secondly, most of these methods yield to CO, emissions, which
is in many cases over 4.37 kg-CO, /kg-H,. The only alternatives not generating CO, are
the photobiology route (which is still in an early research stage [76]) and pyrolysis. In
particular, the pyrolysis of methane leads to “turquoise hydrogen” where solid carbon is
produced with carbon capture rates reaching up to 95%. In the future, turquoise hydrogen
may be valued as a low-emission hydrogen if the energy source for the thermal process is
powered with renewable energy and the carbon is permanently stored [77].

Remarkably, producing a unit of hydrogen from the electrolysis of water requires four
times more energy than from hydrocarbons [78], and that is why the green hydrogen concept
should be expanded to include other clean hydrogen production pathways beyond electroly-
sis [79]. Even the European Commission admits that the biomass gasification has not been
assigned a color, although its usage for hydrogen production is not a new process [79].

5.1. Biomass Potential in Colombia

The Unidad de Planeacion Minero Energetica (UPME) estimated the total biomass po-
tential in the country to be around 450.000 TJ/year [80] which is equivalent to
125,100 GWh/year with a 14.27 GW average power generation. This biomass poten-
tial is mainly produced by agricultural crop residue (73.62%) and animal manure (26.24%).
The distribution of the total biomass in the country is shown in Figure 5 [81].
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Figure 5. Total biomass potential in Colombia (units: TJ/year). Sources: Esri, USGS | Esri, HERE,
Garmin, FAO, NOAA, USGS | UPME [81].

5.2. Case Study: Biogas for Green Hy Generation

Turquoise hydrogen is an outstanding strategy toward reaching the goal of low-
emissions hydrogen. Several companies are pursuing the generation of this turquoise
hydrogen including C-Zero [82], Pure hydrogen corporation [83], BASF/RWE [84], Port
Moody B.C. [85] and Hazer [86]. All these examples correspond to pilot plants currently
under construction. Interestingly, the solid carbon generated during the process can find
application for instance in electronics as shown by GMG graphene for the development of
the novel aluminum-ion batteries [87,88]. The Hazer group pilot plant was selected as a
case study as follows (Table 9).

In the Colombian case, there are several wastewater treatments plants (PTAR) that could
be potentially used to generate green hydrogen. This is the case of Aguas Claras PTAR located
in the Aburra Valley (Antioquia), which can generate an average of 12.7 million m®/year of
biogas. Considering the case study, Aguas Claras could potentially produce 400 Ton-H, /year
(assuming 63% of methane in the biogas) and 1548 Ton per year of battery-grade hard carbon.
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Table 9. Case study: biogas for green H; generation (image source: Imagery ©Airbus, CNES/ Airbus,
Manxar technologies, Map data © 2023).

Case Study

Biogas for Green H, Generation

Project name

Renewable energy source

Location
Biogas potential in the region

Developer
Location selection criteria

Catalyst technology

Hydrogen production capacity

Hazer commercial demonstration project

- Biogas from the Woodman Point
Wastewater Treatment
Plant. 2 million m3/year

- Heating from electricity and
non-reacted biogas.

Pert, Australia | g . -
Approximately 6.18 million Nm?3/year (since the electrical capacity of the pl
1200 kW and assuming that typically 1 m? biogas is equivalent to 1 kW h)
Hazer Group and the Water Corporation

Access to biogas from water treatment plant

Iron—ore catalyst. 1 kg of catalyst consumed for every 15 kg of methane feedstock,
iron—ore costs approximately USD 0.04 USD per kg of hydrogen produced.

a

- 100 ton-H, /year (estimated);
- 375 ton-graphite/year (estimated). Since it is battery-grade, it can be sold at USD
200-1000 per ton

Project cost USD 18.7 million

Deploy time 15 months March 2021-June 2022
Status Operating

Hydrogen end-use H; for industry

Initial cost of produced hydrogen $2.9 USD/kg-H,

References [89-91]

6. Other Energies for Green H, Generation in Colombia

In Colombia, there are other emerging renewable sources such as geothermal and
ocean energy (tidal, wave and salinity gradient), which can be evaluated as alternatives for
hydrogen generation. In the case of geothermal energy, its potential has been estimated
to be around 1.17 GW [92], where the highest percentage is present in volcanic systems
located in protected areas of the country, such as the Nevado del Ruiz, the Nevado del
Huila, and Cerro Bravo volcano [93]. This resource has been mainly considered to provide
energy to regions with low population and not for large projects due to its low potential
and the restrictions to develop energy projects in protected environments. Therefore, the
geothermal alternative does not seem to be a viable option for hydrogen generation in the
short term.

In the case of ocean energy, there is a high interest in the Colombian Pacific, since this
resource has greater power per unit area than the rest of the renewable energies, presenting
2000-3000 W /m?, which is compared with solar or wind, which present 200 W/m? and
400-600 W/m?. In fact, the ocean energy offers advantages such as a relatively high capacity
factor (20-35%) and predictability [94], which has led to some demonstrations of green
hydrogen generation [95]. However, the potential of the ocean energy in Colombia is
uncertain, since no atlas are publicly available. In addition, experiences around the world
have demonstrated that this technology is still in a very early development stage, and few
technologies have reached commercialization [96] production costs at commercial scale,
which adds to the risk of disrupting the coastal ecology [97]. So, it is more feasible to use
the other energy resources discussed in the previous sections.
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7. General Overview

Colombia has one of the cleanest electric energy grids thanks to the production of
hydroelectricity, which covers most of the electric energy demand. However, the overall
energy matrix is still carbon intensive with around 80% of the total energy supply coming
from fossil fuels. Industry and transport sectors demand a huge amount of energy, which is
covered by liquid fuels or natural gas (Table 1). Internal combustion engines and equipment
for the generation of thermal energy in industry account for most of the fossil fuels demand.
The electrification of these economic sectors would imply a total technological conversion
to electric engines, which is not viable in the near term. In this context, hydrogen constitutes
an alternative for energy storage and transport to be used in economic activities that are
hard to decarbonize. Table 10 summarizes the potential for hydrogen production, the
projected and installed capacity of renewable energy sources according to the Colombian
government and some economic and environmental figures of merit discussed in this work.

Table 10. Figures of merit of renewable energy sources for hydrogen production and some key

economic and environmental indicators [6,98-100].

Renewable Energy Source

Figure of Merit
Solar Wind Hydro Biomass
a
Potential power capacity (GW) 8172 4}598 b 56 14.27
Installed power capacity (GW) 0.741 0.018 11.97 0.193
Capacity of new projects to be operative in 2027 (GW) 10.2 2.73 2.77 0.028
a
Potential of Hy production (kton/year) ¢ 286,346 ié;g b 4328 2453
a
LCOH (USD/kgH,) for 2020 5.6 ig b 3.41 2.9-444
a
LCOH (USD/kgH;) for 2050 1.7 ;; b 3.09 ¢ 14-1.84
Carbon intensity estimated for Colombia 39 0.8 1.02 _9.8.06f

(kgCO,-eq/kgHy)

2. Onshore wind energy P. Offshore wind energy °. For the potential H, production, the following assumptions
were made: 1. capacity factors of 20%, 39%, 49%, and 45% for solar, onshore and offshore wind and hydropower,
respectively. 2. Electrolyzers for green hydrogen production yield 50 kWh/kgH, 9. Range of LCOH depending
on the technology used for Hy. production from biomass. €. Not available. It was estimated using the LCOE for
hydropower which is expected to reduce on average 9.4% by 2050 [101]. f. Range of carbon intensity depending
on the biomass source and the incorporation of CCUS technologies.

Table 10 indicates that hydropower accounts for most of the installed power capacity in
Colombia (67%), while wind and solar constitute less than 1%, and the rest is thermoelectric.
Consequently, electrolysis powered by hydraulic energy is promising for the early stage
of deployment of green hydrogen production. Despite the huge potential of solar and
wind energy generation given by the resource availability, the country is just starting the
projects for power generation with these sources. If all the projects currently registered to
be operative by 2027 are successfully concluded, solar and wind electricity will account for
32% and 8% of the electric energy supply, respectively. Given the lower LCOH projected for
green hydrogen powered by wind energy, its wide implementation is likely expected for
the next decade. In addition, beyond 2030, it is expected that the LCOH for green hydrogen
derived from solar energy will continuously fall to 1.7 USD/kgH; by 2050. The expected
increase in installed capacity of solar power along with the decrease in the expected LCOH
holds promise for an important growth of hydrogen production by solar water electrolysis.
Indeed, a recent prospective analysis states that a power capacity of 7.59 GW is required
to meet Colombia’s hydrogen demand. The optimal distribution of sources of energy to
minimize the cost and emissions includes solar power (65.8%), onshore wind (28.1%), and
the rest (6.1%) with blue hydrogen from natural gas reforming with CCUS. From the maps
shown in this work, the most promising regions for hydrogen production are east, central
and north. Specifically, the departments of Arauca, Vichada, Casanare and Meta in the
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east, and Guajira, Atlantico, and Bolivar in the north meet the requirements. Despite the
huge availability of energy in these regions, a deeper analysis of water resources needs
to be carried out given that 9 L of water are needed per kg of H, produced. Finally, the
assessment of the actual hydrogen projects in the country (Table 11) indicates a trend toward
using solar and hydropower sources. This fact fully aligns with the previous analysis of
the potential pathways toward the massive generation of green hydrogen.

Table 11. Main proposed green hydrogen projects in the country.

Renewable Investment

Company Location ?;:::)11); zer Energy (Million Pl‘O((lll(l Cfl}(;nlge Zl;_;laty Ref
8y Source USD) g2
OPEX-Hevolution Andes Alkaline2 MW  Hydropower $10 365.000 [102,103]
. PEM Solar
Promigas Cartagena 532 kW 137 kKW $1.2 1574 [104,105]
PEM Solar
Ecopetrol Cartagena 50 kW 85 kW $6 7300 [106,107]
Hub H, verde Solar
Manizales (Solenium. Manizales 1MW 3IMW $6 146.000 [108,109]
H, Andes, HPSG)
Universidad de la Solar
Guajira—Alianza Riohacha Alkaline 10 KW $0.04 548 * -
SENECA
Universidad de la Wind
Guajira—Alianza Riohacha Alkaline 5 KW $0.02 378 * -

SENECA

* Estimated value using 50 kWh/kg-H, equivalence.

In Colombia, the current demand for Hj is estimated at 155 kiloton H, /year, which is
supplied by gray or black hydrogen. This annual demand is distributed among the refinery
sector (84%), fertilizers (12%) and other industries (4%) such as hydrogenated fats. By the
year 2050, the demand is expected to reach 1867,65 kiloton H;/year mainly distributed
between the industry (33%) and the transport (64%) sectors [6]. In order to harness the
potential of renewable energy resources and facilitate the production of cleaner hydrogen
to fulfill this growing demand, Colombia has methodically executed a series of national
policies designed to propel a more environmentally sustainable energy transition. Between
the years 2014 and 2018, the significant integration of Unconventional Renewable Energy
Sources (URES) into the country’s energy landscape through the enactment of Law 1715
and its subsequent inclusion in the National Energy Plan (NEP) is noteworthy [18,110].
In addition, in the year 2019, a notable stride toward sustainability in mobility materi-
alized through Legislation 1964 [111], which advocated for the adoption of electric and
zero-emission vehicles. This commitment to transitioning toward cleaner energies reached
a pivotal juncture in 2021 with the enactment of Law 2099 [112], formally recognizing
the status of URES for green hydrogen. This measure established an ambitious roadmap
charting specific objectives for the year 2030 [113]. It is anticipated that these actions will
exert a substantial impact on reducing CO»eq emissions, with an estimated potential of
up to 3 megatons [113,114]. Furthermore, to incentivize industry participation, notable
fiscal incentives have been implemented, including a 50% discount in income taxes, exemp-
tion from VAT and tariffs for URES-related projects, coupled with tax incentives for their
implementation [18,112]. Concurrently, a strategic installation of a minimum of 50 public
hydrogen refueling stations (hydrogen stations) is envisaged across the Colombian territory.
There is a projection to replace 40% of black and gray hydrogen used in industry with
cleaner alternatives, such as green and blue hydrogen. Additionally, an ambitious produc-
tion target of 50 kilotons of blue hydrogen has been delineated, which is accompanied by
the deployment of an electrolysis capacity ranging from 1 to 3 Gigawatts (GW) earmarked
for green hydrogen production [113,114]. These collective endeavors buttress and catalyze
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the escalating adoption of hydrogen as an essential energy source and sustainable energy
storage solution within the Colombian energy landscape.

8. Conclusions

Colombia has the capability to produce clean low-cost electricity, typically from hy-
dropower and recently also from solar and wind resources, which in combination with an
ambitious plan to reach 3 GW of dedicated electrolyzer capacity by 2030 and wide access to
water has demonstrated the potential of the country to produce some of the cheapest green
hydrogen in the world according to the IRENA. An assessment of the realistic potential
of solar photovoltaics, hydropower, wind, and biomass was found to reach 8172 GW,
56 GW, 68 GW and 14 GW, respectively. In addition to the potential of the natural resources
of the country to generate clean electricity, this work presented emblematic case studies
around the world that demonstrate their technical and economic feasibility in Colombia.
Remarkably, in the short term, the regions of the country with access to hydropower
(e.g., Andean region) are expected to dominate the green hydrogen generation since hy-
dropower is much more developed in the country than the other sources of renewable
energy. It is important to note that there is currently a strong debate around the idea of
using just new hydropower projects to generate hydrogen to protect the national elec-
tric system. However, simple action plans such as increasing the capacity factor of the
existing hydropower plants would enable the generation of green hydrogen exploiting
surplus energy. In the long term, regions with a wider access to solar and wind resources
(e.g., the north and east regions) will benefit from the reduced levelized cost of electricity of
these technologies. Presently, Colombia boasts noteworthy instances of flourishing green
hydrogen projects that serve as demonstrative illustrations of the extensive opportunities
and propitious scenarios that lie ahead in the imminent energy transition. This is further
fortified by the country’s dedicated endeavor to institute policies aimed at nurturing green
hydrogen, elevating its status to that of a commercially sustainable alternative poised to
effectively cater to the nation’s domestic energy requirements.
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