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Abstract

The transition to green hydrogen is critical for achieving sustainable energy systems and
climate goals. This study presents MODERHydrogen-Hj;, a comprehensive framework
for assessing solar- and wind-based green hydrogen production, fossil fuel substitution,
and greenhouse gas (GHG) reduction. The method integrates Geographic Information
Systems (GIS) to optimize renewable energy resource allocation while adhering to sustain-
ability criteria. Applied to four solar sites (2000 MW) in Colombia’s Magdalena—Cauca
Basin and three wind projects (1700 MW) in the Caribbean Basin, the model estimates an
annual production of 211,074 tons of green hydrogen by 2030. This output could displace
37,221 terajoules of fossil fuels, contributing 2.5% to the national energy matrix and reduc-
ing CO, emissions by 10.09 million tons. MODERHydrogen-H, demonstrates scalability
and adaptability, offering a decision-support tool for global energy transition strategies.
Its implementation supports affordable, reliable, and low-carbon energy systems, aligning
with Sustainable Development Goals (SDGs) targets. The model offers a single platform
from which to simulate renewable energy potential in a sustainable manner within a given
geographical area, develop scenarios for modifying the energy matrix of a country or
region, simulate rational and efficient water supply and demand for energy uses, including
aspects of climate change, calculate green hydrogen production in a sustainable manner,
and finally calculate greenhouse gas emissions.

Keywords: sustainable energy planning; green hydrogen production; Geographic Information
System; energy diversification; carbon dioxide reduction

1. Introduction

Decarbonization of the economy and diversification of the energy matrix by intro-
ducing green hydrogen is an opportunity to reduce the use of fossil fuels. Although the
literature highlights the advantages and benefits of hydrogen implementation, quantifying
its environmental and social impacts at larger scales remains challenging. This underscores
the importance of the need for a methodological approach to study the potential benefits
of integrating green hydrogen into the energy matrix, as such analysis would support the
evaluation of substantial investment requirements for green hydrogen generation and the
estimation of the existence of a profitable demand [1]. Hydrogen (H;) is the most abundant
element in the universe and a source of energy that can replace fossil fuels. Hydrogen has
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been found to perform better than other fuel sources in terms of lower pollutant emissions,
as well as higher flammability and expansivity characteristics [2]. However, hydrogen can
be produced from different sources, ranging from fossil fuels to renewable energies, and
with or without the use of carbon capture technologies. Green hydrogen is an alternative for
industrial decarbonization, which implies the generation of hydrogen from water through
electrolysis, using electricity from renewable sources and zero or low carbon emissions [3].
Additionally, other innovative techniques, such as graphene and iron catalysis, demonstrate
their role in improving hydrolysis [4]. In addition, numerous studies in recent years have
contributed to our understanding of regional and national capacity for generating green
hydrogen from renewable energies [5-8].

In this sense, there are many international organizations, such as the Inter-American
Development Bank (BID), which support efforts to implement aspects of public policy,
strengthen regulatory frameworks, and adopt technical tools to adequately integrate renew-
able and non-conventional energy sources such as hydrogen [9]. Colombia has started this
energy transition, and in 2025, more than 12% of its installed electricity generation capacity
was from non-conventional renewable sources, compared to less than 0.5% in 2018 [10].

In 2015, 196 countries signed the Paris Agreement to prevent global temperature from
rising 2 °C above pre-industrial levels and to make efforts to limit the increase to 1.5 °C [11].
Those agreements led the way to finding new renewable energy sources and making a
transition from fossil fuels. Colombia’s geographical position within the Intertropical
Convergence Zone (ITCZ), combined with its abundant water resources and high solar
radiation, places the country as potentially favorable to transition to renewable energies.
Colombia ranks sixth globally in terms of its water resource availability, with an annual
supply of 2360 km? of water per year [12], only surpassed by countries with larger territorial
extensions, such as Brazil, the United States, Canada, Russia, and China. Additionally,
Colombia has a high radiation potential of 359 GW of installed solar power and 26.6 GW of
wind power [13].

The energy transition becomes more urgent to protect biodiversity hotspots from
the effects of climate change. Out of twenty-five hotspots worldwide, two are located in
Colombia: the tropical Andes mountains, with 20,000 endemic plants and 1567 endemic
vertebrates; and the northwest Colombian biogeographic region, the Chocé and Darién
area, which contains 2250 endemic plants and 418 endemic vertebrates [14]. It is impor-
tant to implement and adopt more renewable energies to reduce the impact of global
warming/climate change on the hotspots and the species that live there.

The model offers a single platform from which to simulate renewable energy potential
in a sustainable manner within a given geographical area, develop scenarios for modifying
the energy matrix of a country or region, simulate rational and efficient water supply and
demand for energy uses, including aspects of climate change, calculate green hydrogen
production in a sustainable manner, and finally calculate greenhouse gas emissions.

The proposed framework includes environmental and socio-cultural sustainability
and considers water availability and the climatic effects of the El Nifio Southern Oscillation
(ENSO). The objective of this research is to study the potential benefits of integrating green
hydrogen into Colombia’s energy matrix. The document is structured around the presen-
tation and explanation of the study area (MODERHydrogen-Hj). Results for Colombia
are presented, including analysis of energy demand, water availability, potential green
hydrogen supply, greenhouse gas emissions, and energy matrix distribution.
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2. Materials and Methods
2.1. Study Area

The case study for this work is Colombia, a South American country that has a
population exceeding 50 million inhabitants. It is located from 4°13'30” south latitude to
12°27'46" north latitude and from 66°50'54" to 79°0'23" west of the Greenwich meridian.

The country is situated within the ITCZ, where winds from the north and south
hemispheres converge, generating high cloud cover and precipitation. This phenomenon,
together with the orographic effects of the Andes Mountain Range, causes different precipi-
tation regimes in various regions of Colombia. The country is subdivided by five main river
basins, which share similar rainfall regimes: (1) Caribbean Basin, (2) Magdalena—Cauca
River Basin, (3) Orinoco River Basin, (4) Amazon River Basin, and (5) Pacific Basin, as

shown in Figure 1.

Figure 1. Watersheds of Colombia. Source: MODERGIS model.

Colombia is geographically located in an area where renewable energy resources are
abundant [13]. The country has been characterized by its vulnerability to the impacts of
global warming and intends to transition to renewable solar and wind energy through the
utilization of the World Bank’s green bonds [15].
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2.2. MODERHydrogen-H, Conceptualization

MODERHydrogen-H, is a framework that integrates renewable energies, includ-
ing green hydrogen. It simultaneously assesses the spatial and temporal potential of
renewable energies, calculates energy supply and demand, and greenhouse gas emissions.
MODERHydrogen-Hj, is divided into three modules (ENERGIS, ENERDEM, and ENERHY-
DROGEN) and draws upon the structure of the renewable energy platform MODERGIS [13].
ENERGIS incorporates Geographic Information Systems adapted and extended to cover
green hydrogen production. ENERDEM oversees the management of energy supply and
demand through the Long-Range Energy Alternatives Planning System (LEAP) [16], a
supply and demand modeling tool that utilizes data from the energy balances provided
by the Unidad de Planeamiento Minero Energético (UPME) [17] and the Organizacién
Latinoamericana de Energia (OLADE) [18]. ENERHYDROGEN is a module designed to
calculate green hydrogen production based on the inputs of the ENERGIS and ENER-
DEM modules. Figure 2 presents the conceptualisation of MODERHydrogen-H;, and each
module is explained in more detail in Sections 2.3-2.5.

MODERHIDROGEN - H,

ENERHIDROGEN - H. r—

Comprehensive assessment, renewable
resource, sustainable H2 production,
greenhouse gases, and economic

evaluation. L E ﬁ ?

ENERGIS
RENEWABLE ENERGY
POTENTIAL.
GEOGRAPHIC INFORMATION
SYSTEM -G.1.S

SUSTAINABLE H2 3 <

PRODUCTION, A
Electrolisis Modelling. ENERDEM
Energy Matrix determination. ENERGY DEMAND
Greenhause gases estimation. SCENARIOS

L.E.A.P

Long-range Energy Aliernalives
Planning System

Figure 2. MODERHydrogen-H; conceptualization. Source: own elaboration.

2.3. ENERGIS

ENERGIS is a module that conducts simulation and spatial analysis using geographic
information, in alignment with the restrictions-based methodology, and incorporates data
from the Colombian Geographic Institute (IGAC) [19]. The information includes depart-
mental divisions, municipalities, urban centers, road infrastructure, indigenous and Afro-
descendant populations, forest reserves, natural parks, watersheds, main rivers, water-
courses, solar radiation, and wind speed. This information establishes a framework of
analysis and spatial reference and some initial restrictions, referring to those areas in which
it is not possible to develop energy projects, seeking integral energy sustainability.

2.3.1. Restrictions Method

The restrictions method consists of the exclusion of zones that cannot be used due to
economic, ecological, or regulatory interests [20]. In this sense, urban areas, moorland pro-
tection areas, nature reserve areas, territories inhabited by indigenous and Afro-descendant
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communities, areas affected by the Forest Reserve Law, and basins of high aridity index
are excluded. The integration of these data sources results in the identification of areas
suitable for green hydrogen projects, free from spatial and regulatory constraints. As
shown in Figure 3, areas with environmental and social restrictions are marked in red, areas
suitable for energy project development are indicated in green, and regions subject to legal
restrictions are highlighted in purple.

a Geospatial information

> Infrastructure
> Feasibility

> Thematic cartography

v Restrictions
Moors
National parks
Indigenous communities
Black communities
Legal restrictions

> Complements

v Base cartography

[ ] Township

[ ] Deparments

Figure 3. Areas restricted for energy projects due to environmental and social reasons in Colombia.
Source: MODERGIS model.

The solar and wind potential is estimated using GIS technology from a series of
monthly and annual average solar radiation and annual monthly average wind speed
taken from the sun and wind atlases of the Colombian Institute of Hydrology, Meteorology;,
and Environment (IDEAM) [21] (see Figures 4 and 5). Note that Colombia has high solar
radiation, starting from low values around 1.4 kWh/ m?/dia, up to intense values of
12.6 kWh/m?/dia in the north of the country. The highest wind speeds are concentrated in
the north and west, with values above 10 m/s of average annual wind speed. To verify
and update the values and geospatial information, the Solargis sun and wind values from
the World Bank Group’s Energy Sector Management Assistance Program (ESMAP) were
employed [22,23]. The simulation of the ENERHYDROGEN model verifies the solar and
wind resources using geospatial information from Colombia [24].
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Figure 4. Average daily solar radiation in Colombia. Source: MODERGIS model.

The solar and wind power were calculated with solar radiation and wind kinetic
energy transformation equations. Standard values of 750 Wp photovoltaic panels and a
nominal wind turbine capacity of 6500 kW were used. A capacity factor for solar systems
of 0.25 is considered in the study [25]. This factor represents the actual operating hours
of the solar panels. This value is given for the radiation conditions in Colombia. For
wind systems, a capacity factor of 0.45 is established [26]. This factor represents the actual
operating hours of wind turbines in Colombia [27,28].
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Figure 5. Average annual wind speed in Colombia. Source: Global Solar Atlas, World Bank Group.

2.3.2. Water Availability

Environmental and social sustainability are fundamental considerations in the pro-
duction of green hydrogen. Accordingly, components have been incorporated into the
calculation of net water availability to minimize potential social conflicts related to water
use. This study integrates environmental and social sustainability by assessing water avail-
ability and incorporating the aridity index (AI), which quantifies the degree of sufficiency
or insufficiency of precipitation to sustain the ecosystems of a region. Furthermore, the
framework accounts for the effects of El Nifio-Southern Oscillation (ENSO), which has
been shown to reduce rainfall in Colombia by 40-80% during its occurrence [29].

The net water availability (DN—Mm?/year) is computed as

1— Al
100

DN = (0O—-D) * EN 1)
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where O is the available water supply (Mm?®/year), D is the total water demand
(Mm?3 /year), Al is the aridity index (%), and EN is the correction factor considered for
ENSO in the net water availability. O, D, and the aridity index (AI) were obtained from
IDEAM [30], while EN was obtained from the study Montealegre-Bocanegra, J.E., Insti-
tutional model of IDEAM on the climatic effect of El Nifio and La Nifia phenomena in
Colombia [29]. EN was established at 40%, reflecting the reduction in net water availability
observed during ENSO seasons.

Water availability in the five main basins is calculated as shown in Table 1. Note
that water demand is distributed among different economic sectors; the sectors with the
highest participation in water use are agriculture at 43.1%, followed by energy at 24.3%,
and livestock at 8.2%. Table 1 shows the net water availability with results ranging from
28,253 Mm?/year in the Caribbean Basin to 169,411 Mm3/year in the Amazon Basin.

Table 1. Water supply and demand by river basin.

Basin Avail. Supply Aridity Index Total Demand Balance Net. Avail.
(®)) (AD (D) (O —-D) (DN)

Units Mm?/Year Y% Mm?3/Year Mm?/Year Mm?/Year
Caribbean 99,220 249 5170 94,050 28,253
Magdalena 151,875 4.0 25,767 126,108 48,426
Orinoco 381,356 0.3 4824 376,532 150,161
Amazon 425,958 0.5 303 425,655 169,411
Pacific 155,849 0.3 1225 154,624 61,664
Total 1,214,258 1.0 37,289 1,176,969 457,914

Source: IDEAM-ENA-own calculations.

The water demand for hydrogen production is then determined by multiplying the
hydrogen output by a constant factor of 11 liters of water per kilogram of hydrogen and
subsequently dividing by the electrolyzer efficiency.

2.4. ENERDEM Simulation of Demand

The ENERDEM module simulates energy supply and demand, taking into account
socioeconomic variables. It uses the Long-Range Energy Alternatives Planning System
(LEAP) model to calculate the prospective energy in the short and medium term [16].

The year 2018 was selected as the base year for this study, as it was considered rep-
resentative of typical conditions and preceded the COVID-19 pandemic and its peculiar
effects on energy demand. The available information on electricity demand, supply, and
generation for this year was obtained from UPME [31]. Socioeconomic information, such
as population, gross domestic product, annual manufacturing survey, automotive registra-
tion, and gross domestic product, was obtained from the National Planning Department
(DNP) [32] and the National Statistics Department (DANE) [33], also taking into account
the new legislation for promoting the use of electric vehicles [34].

The calculation of energy demand considered two sectors—industry and transport.
The values were taken from the 2018 energy balance of the UPME [17].

2.5. ENERHYDROGEN

ENERHYDROGEN serves as the central module of this study, integrating renewable
energy potential estimates (solar and wind) derived from ENERGIS with demand character-
ization and substitution scenario analysis from ENERDEM, supported by GIS. The module
calculates green hydrogen production using PEM electrolysis technologies [35,36] and
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evaluates its integration into Colombia’s national energy matrix. Additionally, it quantifies
greenhouse gas (GHG) emissions reductions by applying the Intergovernmental Panel on
Climate Change (IPCC) methodology [37].

The modeling of installed capacity and solar and wind power generation for green
hydrogen production maintains the criteria of constraints and environmental sustainability.
An orderly and hierarchical sequence is performed as follows:

1.  Determination of solar and wind potential and generation. ENERGIS results.

2. Determination of environmental sustainability, energy, and the environmental sus-
tainability map. ENERGIS results.

3. Determination of sustainable water supply, including aridity indices and EN-ENSO
simulation. ENERHYDROGEN results.

4. Green hydrogen production, with PEM electrolyzer technologies. ENERHYDROGEN
results.

5. Characterization of demand, construction of fossil energy substitution scenarios, and
demand for green hydrogen for consumption, feedstock, or export. ENERHYDRO-
GEN results.

6.  Calculation of combustion emissions and avoided emissions for renewable energies, to
simulate substitution percentages and ensure energy and environmental sustainability.

The model quantifies the green hydrogen balance and the proportion of fossil fuel
substitution. This stage is validated using the National Renewable Energy Laboratory
(NREL) models [38]. The NREL model estimates the levelized cost of hydrogen production
from solar energy using polymeric membranes. The NREL approach, which begins with
the required quantity of hydrogen (in kilograms) and subsequently calculates the necessary
power, solar electricity generation, land requirements, carbon dioxide emissions, and
applicable taxes in each country to determine the average production cost per kilogram. In
contrast, ENERHYDROGEN starts from the available solar radiation and the area required
to produce the necessary green hydrogen. It then calculates fossil energy consumption,
conducts substitution scenario analyses, estimates greenhouse gas emissions, and can
adjust the entire process using real-world data, as demonstrated in the case of Colombia.

2.5.1. Green Hydrogen Production

Solar and wind energy generated in regions with abundant water resources and high
energy demand can be the subject of green hydrogen production via the electrolysis method.
This research assumes that electrolysis is performed using the proton exchange membrane
electrolyzers. The green hydrogen production (PH,—kg Hy) is calculated as [39]

PH; = % (2)
where Gy is the annual solar or wind energy generation (kWh/year), C is the hydrogen
production rate (52.5 kWh/kg Hy) and the efficiency of the electrolyzer is already incor-
porated [35]. The consumption of the electrolyzer is set at 1250 kW per cell, utilizing the
catalog specifications provided commercially by manufacturers [36]. This value is used to
determine the number of hydrogen stacks required.

The newly installed solar and wind plants that are dedicated to the production of green
hydrogen are determined by the ratio between total energy potential and the available
power from manufacturers of solar and wind technologies. In the case of solar energy,
500 MW plants are used, while for wind energy, 500 and 600 MW plants are employed.

https:/ /doi.org/10.3390/sci8020037
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2.5.2. Modeling Scenarios

The structuring of scenarios involves a comprehensive analysis of the current en-
ergy landscape and the development of a forward-looking vision for 2030. This process
incorporates principles of sustainable development, variability, climate sensitivity, and
vulnerability, as well as the guidelines outlined in national and international hydrogen
roadmaps, and includes an assessment of global energy geopolitics.

The base year for this research is 2018. The criteria for this selection included ensuring
that the year did not exhibit atypical energy demand, was free from abnormal events such
as ENSO, did not experience energy supply deficits, and was unaffected by pandemic
conditions such as COVID-19. Additionally, it was essential that energy and economic
data sources for the year were consolidated and readily available, particularly the energy
balance, annual manufacturing survey, updated vehicle registry, and national economic
accounts, as well as gross domestic product and value added by sector.

The industrial sectors considered in this study include the thermal and chemical
sectors, both of which are projected to undergo partial substitution with green hydrogen
by 2030. The thermal sector is primarily dependent on coal consumption within cement
production, accounting for 41,553 TJ, while the chemical sector relies on natural gas, with
a consumption of 6613 TJ. For the year 2030, the model simulates a 10% reduction in
coal use for cement manufacturing and a 20% reduction in natural gas consumption for
chemical production. In the transport sector, current energy use is estimated at 218,722 T]
for diesel oil and 257,662 TJ for gasoline. By 2030, the model simulates a 10% reduction
in gasoline and a 7% reduction in diesel consumption, facilitating the integration of green
hydrogen. These projections align with the provisions of Colombian National Law 1964 of
2019, which promotes the adoption of electric vehicles as a strategy to reduce greenhouse
gas emissions [34].

2.5.3. Greenhouse Gas Estimation

To calculate greenhouse gas emissions, two distinct procedures were employed, each
utilizing different equations and emission factors. The first approach estimates emissions
avoided through the generation of solar- and wind-based renewable energy, as represented
by Equation (3). The second approach calculates emissions resulting from fuel combustion,
using specific emission factors for each fuel type and associated oxidation technologies,
as outlined in Equation (4). The greenhouse gas emissions were quantified in accordance
with the methodology established by the Intergovernmental Panel on Climate Change
(IPCC) [37] and the national greenhouse gas inventory developed by IDEAM [40]. The
equations used are categorized into two groups: those estimating avoided emissions from
solar- and wind-based green hydrogen production in Colombia and those calculating direct
emissions from fossil fuel use:

Ee = G;*xV.UxF.E 3)

where Ee is avoided emission (t COz.q/MWh), G; is solar or wind power generation in year
i (MWh/year), V.U is the durability of the project in years (assumed as 25 years), F.E is the
emission factor (t COzeq/MWh) equal to 0.662 t COzeq/MWh for wind and solar projects.
The source of the final and useful energy balances of the Mining—Energetic Planning Unit.
The emissions avoided from the combustion of fossil fuels are calculated as follows:

where E is combustion emission (t CO;), C is the energy consumption of fuel i in year j (T]),
and Fij is emission factor (kt CO,/TJ) found in. The emission factors were obtained from
the Mining—Energetic Planning Unit and are presented d:
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Transport:

1-1 Diesel Oil 0.0752 (kt CO, /T]) Gasoline 0.0692 (kt CO, /T])
1-1 Industry:

1-1 Carbon Mineral 0.0881 (kt CO, /TJ) Natural Gas 0.0555 (kt CO,/TJ)

2.5.4. Environmental Aspects

The production of green hydrogen has multiple impacts on the environment, both
positive and negative. Although the large-scale electrolysis process involves considerable
water use (9 tons of pure water per ton of hydrogen produced), this consumption is minimal
compared to the water used globally for other economic sectors such as agriculture and
industry. Nevertheless, in regions with high levels of water stress, it is recommended that
this impact be assessed in detail. However, this research proposes, for the first time, a
mechanism to assess its viability so that this consumption does not compete with human
or agricultural consumption. Furthermore, although the transition to clean energy could
significantly reduce mining activity in general, the production of green hydrogen and the
use of renewable energies and electrolyzers require a significant amount of metals. This
should be comprehensively assessed by manufacturers through life cycle analysis [41].

3. Results
3.1. Green Hydrogen Production and Consumption

The selection of project locations was based on several criteria, including energy
demand, road infrastructure, population, gross domestic product, and the availability of
renewable resources and water. The Amazon, Pacific, and Orinoco basins did not meet
the criteria for road infrastructure, population, or contribution to gross domestic product
and exhibited low energy demand. Consequently, project sites were considered in the
Caribbean and Magdalena basins. The Magdalena Basin possesses high solar potential but
limited wind resources, making it more suitable for solar energy projects. In contrast, the
Caribbean Basin, located in the northern part of the country, has the highest wind potential
in Colombia, rendering it ideal for wind energy development.

Table 2 presents the estimated green hydrogen production of 83,428.6 tons, based on
solar energy generation of 4380 GWh per year across four plants, with an associated annual
water demand of 0.75 million cubic meters. This represents approximately 0.002% of the
total water demand in the Magdalena Basin. Additionally, green hydrogen production
of 127,645.7 tons is projected from wind energy generation totaling 6701 GWh per year
across three plants, requiring approximately 1.1 million cubic meters of water annually—
equivalent to 0.0041% of the water demand in the Caribbean hydrographic basin. While
the Caribbean Basin possesses the highest wind energy potential in Colombia, it also faces
the lowest water availability due to its rainfall patterns and aridity index.

Table 2. Solar and wind supply and green hydrogen production.

Solar Wind Units
Energy potential 2000 1700 MW
# Plants 4 3
Energy generation 4380 6701 GWh/year
Hydrogen production 83,428.6 127,645.7 t Hp/year
Required electricity (electrolyzer) 4380 6701 GWh/year
# Stacks (1250 kW consumption) 400 612

https:/ /doi.org/10.3390/sci8020037


https://doi.org/10.3390/sci8020037

Sci 2026, 8, 37

12 0f 19

Table 2. Cont.

Solar Wind Units
Water H20 demand for H, 0.75 1.1 Mm?
Net water availability of the basin 48,426 28,252.6 Mm?3
Participation of basin 0.0016 0.0041 Y%
Location of the project Magdalena Caribbean -

Source: ENERHYDROGEN H;-modeling.

The balance of the green hydrogen is shown in Table 3. The H, production (211,074.3 t
H,, solar and wind) is larger than the total consumption (208,042.3 t H;). There is a surplus
of 3032.0 tons of green hydrogen per year that can be used for fertilizer production or for
the foreign market.

Table 3. Green hydrogen balance.

Green Hydrogen Balance t H, Year
Production 211,074.3
Industry consumption 37,326.6
Transport consumption 170,715.7
Total Consumption 208,042.3
Surplus 3032.0

Source: ENERHYDROGEN H;-modelling.

3.2. Energy Matrix

Figure 6 illustrates the energy generation matrix for the year 2018, in which renewable
energy accounted for 1.5%, thermal generation from fossil fuels represented 30.8%, and
hydroelectric generation comprised 67%. Notably, green hydrogen was not included in
the energy mix. By 2030, the integration of green hydrogen is projected to contribute 5.3%
from solar energy and 4.5% from wind energy. Additionally, solar photovoltaic energy
is expected to increase significantly to 27%, while wind energy is anticipated to reach
7%. These changes are accompanied by a marked reduction in hydroelectric generation,
declining from 67% to 39%, and thermal generation, decreasing from 31% to 16%.

Co-generation Solar H2 Biomass Co-generation
e 53% : 0.6%

Hydroelectric

17817 MW - 2018

Hydroelectric
67%

Figure 6. Energy generation matrix for 2018 and 2030. Source. 2018 from UPME and 2030 are the
ENERHYDROGEN Hj-modeling results.
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Table 4 presents the results of the energy demand for 2018 (base year), 2020 (outlier
year due to COVID-19), and 2030 model simulation (fossil fuel substitution), while Figure 7
presents the energy matrix demand by fuel for the year 2030. It is observed that the
substitution of gasoline, diesel oil, coal, and natural gas generates a demand for green
hydrogen of 37,221 TJ and participates in 2.5% of the country’s energy matrix. These
consumption results are similar to the projections made by UPME [42].

Table 4. Energy demand by fuel in 2030 (T]). Source: UPME. ENERHYDROGEN Hj-modeling.

Fuel Base Scenario (2018)  Atypical Year (2020) 2030
Green hydrogen 0 0 37,221
Bagasse 83,954 70,656 83,953.5
Coal 93,615 75,678 93,615.7
Natural gas 204,432 189,243 206,703.8
Wood 117,426 105,480 92,795
Diesel oil 268,659 233,337 281,324.1
Flectric energy cystem 211,591 223,500 302,169
Oil 8732 5809 5691
LPG 27,623 33,644 50,087
Gasoline 240,206 218,502 262,711.5
Kerosene 54,616 26,562 53,402
TOTAL 1,310,853 1,182,412 1,469,673.6

Energy Consumption by fuel 2030 - 1,469,673.6 Ti

Kerosene Green Hydrogen

Gasoline 3.6% 2.5%
17.9% Bagasse
5.7%
Coal

6.4%

LPG
3.4%
Fuel Oil
0.4%
Natural Gas
14.1%
Electric Energy
20.6%
Wood
6.3%
Diesel
19.1%

Figure 7. Percentage distribution of energy consumption by fuel type in 2030 (1,469,674 TJ). Source:
ENERHYDROGEN Hj-modeling.

The results of the avoided emissions and the combustion emissions calculations are
presented in Table 5. It was found that a reduction of 10,099.4 KTon of CO, was represented
in the emissions avoided by generation with solar energy (2899.3 KTon CO,) and in wind
energy (4436.2 KTon CO;). In sustainable mobility, 2001.4 KTon CO; are reduced by
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the substitution of 518.7 KTon CO; in diesel and 1482.7 in gasoline. The reduction in
the industry reached 725.4 KTon CO, by the substitution of coal and 36.7 KTon CO; by
natural gas.

Table 5. Avoided CO2 emissions by 2030. Source: IPCC-OLADE-UPME and own calculations.

(KTon COy)
GENERATION 7335.9
Wind energy 4436.3
Solar energy 2899.6
CONSUMPTION
TOTAL TRANSPORT 2001.4
Diesel substitution 518.7
Gasoline substitution 1482.7
TOTAL INDUSTRY 762.1
Coal substitution 725.4
Natural gas substitution 36.7
TOTAL 10,099.4

4. Discussion

The model’s results for solar power generation indicate the feasibility of installing four
solar plants of 500 MW each—totaling 2000 MW—in the Magdalena—Cauca Basin, with
an estimated annual electricity generation of 4380 GWh and a green hydrogen production
of 83,428.6 tons. Notably, capital expenditures for large-scale electrolyzers are projected
to decrease by approximately 50%, and anticipated reductions in photovoltaic costs are
expected to significantly lower the cost of hydrogen production by 2030 [42]. These price
reductions would enhance the affordability of solar hydrogen, enabling its application in
additional sectors and larger-scale projects, while sustainable water consumption remains
below 1% of available resources.

For wind energy, the simulation considers three projects—two with 600 MW and one
with 500 MW—Iocated in the Caribbean Basin in northern Colombia, amounting to a total
installed capacity of 1700 MW. These projects are projected to generate 6701 GWh of elec-
tricity annually and produce 127,645 tons of green hydrogen. For comparison, an analysis
in Iran’s East Azerbaijan province demonstrated that the installation of 850 kW Vestas V52
wind turbines could yield 47.2 tons of green hydrogen per year [43]. In contrast, wind
projects utilizing 274 V162 turbines (6500 kW each) are estimated to produce 58,700 tons
of hydrogen annually. In the Caribbean Basin, sustainable water use for these projects
represents 1% of the basin’s total, which may pose limitations and potential conflicts with
local communities.

The green hydrogen balance reveals a surplus of 3032 tonnes per year, which could be
allocated for export. Colombia is thus positioned to become a leading hydrogen supplier to
Asian and European markets [44], offering some of the lowest projected prices—estimated
at 1.5 USD/kg Hjy domestically and 3.24 USD/kg H, for wind- and solar-based production,
respectively, by 2030 [45].

By 2030, green hydrogen is expected to account for 5.3% of the energy supply from
solar sources and 4.5% from wind sources. These projections are consistent with the
2020-2034 Generation and Transmission Reference Plan of UPME [46], which anticipates
an increase in solar photovoltaic energy to 27% and wind energy to 7%. This transition
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is accompanied by a reduction in hydroelectric generation from 67% to 39% and thermal
generation from 31% to 16%, reflecting a shift towards a more sustainable energy matrix.

Within this matrix, the substitution of fossil fuels enables green hydrogen to contribute
2.5% (equivalent to 37,221 TJ) by 2030. Hydrogen’s versatility as both a fuel and a feedstock
makes it particularly attractive for industries currently reliant on fossil fuels, and even small-
scale solar hydrogen production plants have been found to be economically viable [47].
The model estimates a reduction of 10,099.4 KTon of CO, emissions, representing nearly
10% of Colombia’s total emissions of 100,863 KTon in 2023 [48]. These reductions can be
achieved through the transition to sustainable transport and industry and the integration
of green hydrogen into the national energy matrix [49].

According to a report by the International Renewable Energy Agency (IRENA) [50]
and statistics from the International Energy Agency (IEA) [51], the cost of hydrogen facilities
could decrease by 40% to 80% in the long term. This, combined with the falling cost of
renewable energies and electrolyzers, suggests that green hydrogen could be profitable
from 2030 onwards.

It is recommended that Colombia adopt such analytical tools to support decision-
makers in implementing energy policy guidelines, thereby fulfilling the objectives outlined
in the national hydrogen roadmap for both domestic consumption and international export.

5. Conclusions

The model’s results for solar power generation indicate the feasibility of installing four
solar plants of 500 MW each—totaling 2000 MW—in the Magdalena—Cauca Basin, with an
estimated annual electricity generation of 4380 GWh and a green hydrogen production of
83,428.6 tons. For wind energy, the simulation considers three projects—two with 600 MW
and one with 500 MW—Ilocated in the Caribbean Basin in northern Colombia, amounting
to a total installed capacity of 1700 MW. These projects are projected to generate 6701 GWh
of electricity annually and produce 127,645 tons of green hydrogen.

MODERHydrogen-H; determines the sustainable balance of green hydrogen, compre-
hensively simulates the substitution rate of fossil fuels in a logical sequence, and applies
to climatological, technological, and economic conditions for Colombia. It starts with the
solar radiation and wind potential of the site, calculates the area required to produce the
necessary green hydrogen, simulates sustainable water per basin, determines fossil energy
consumption, simulates substitution scenarios, and calculates greenhouse gas emissions.
This sequence can be adjusted at all stages of the process, highlighting that the data uti-
lized reflects actual conditions specific to Colombia. Unlike other simulation models, such
as those of NREL, which work with information referenced to conditions in the United
States of America and can generate representative distortions in the results if the input
information is not adjusted at the modeling site.

The MODERHydrogen-H, framework has demonstrated its applicability for the in-
tegration of green hydrogen into the Colombian energy matrix and for the recognition
of renewable and sustainable energy perspectives. The assessment involves condition-
ing factors such as the “Aridity Index’ and the historical behavior of the El Nifio ENSO
phenomenon, which were identified as fundamental for assessing the water balance, hydro-
gen production, and water sustainability. The environmental and cultural dimension is a
strength as it involves the development of projects in areas of environmental fragility, such
as natural parks, environmental reserves, and indigenous and Afro-descendant territories.

The model was compared to the H2A from the National Renewable Energy Labora-
tory (NREL) of levelized costs of hydrogen production from solar energy and polymer
membranes, starting with the amount of kg of hydrogen needed and calculating the power
and solar or wind generation, the required land area, emissions, and taxes to arrive at
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average prices per kg produced. Unlike the ENERHIDROGEN model, which begins with
the amount of solar radiation, calculates the area required to produce the necessary green
hydrogen, assesses fossil energy consumption, creates substitution scenarios, and calculates
greenhouse gas emissions, it generates the energy flow and provides the necessary infor-
mation to build the substitution energy matrix. In this sense, each model has a different
objective but can be complementary.

The limitation of the model may lie in the acquisition of updated and reliable in-
formation. Likewise, this model does not reach detailed levels, such as technological
aspects in fuel substitution, equipment efficiencies, risk analysis, and uncertainty. However,
this model raises the need for new research and proposals to finance the continuation of
investigations that complement the strength of the model.

The environmental benefit of using green hydrogen was found to be significant due to
the reduction in CO, emissions by substituting fossil fuels. This model can be applied to
other countries, facilitating the development of the energy transition by encouraging the
formulation of policies aimed at replacing fossil fuels with affordable, clean, and sustainable
energy, in line with the Sustainable Development Goals.
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