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Abstract

:

Colombia, a privileged country in terms of diversity, availability of natural resources, and geographical location, has set a roadmap for hydrogen as part of the energy transition plan proposed in 2021. To reduce its emissions in the mid-term and foster its economy, hydrogen production should be green and blue, with specific targets set for 2030 for the hydrogen costs and produced quantities. This work compares the state-of-the-art production of blue and green hydrogen and how Colombia is doing in each pathway. A deeper analysis considers the advantages of Colombia’s natural resources, the possible paths the government could follow, and the feedstock’s geographical location for hydrogen production and transportation. Then, one discusses what may be the next steps in terms of policies and developments to succeed in implementing the plan. Overall, it is concluded that green hydrogen could be the faster, more sustainable, and more efficient method to implement in Colombia. However, blue hydrogen could play an essential role if oil and gas companies assess the advantages of carbon dioxide utilization and promote its deployment.
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1. Introduction


Hydrogen is the most abundant element in nature, but it cannot be considered an energy source by itself because it is impossible to find it in its elemental form in nature. After achieving a separation process from other elements, it can become an adaptable fuel, commonly referred to as an energy vector or carrier that can be moved, stored, and delivered. Accordingly, its manufacturing process determines if it can be considered a non-polluting carrier in all its meaning. As a fuel, hydrogen has good potential to reduce carbon emissions in hard-to-decarbonize sectors, such as the transport sector, by avoiding dependence on petroleum oil. Another target market will be heavy industries such as steel and chemical production. Its high energetic yield and efficiency, far greater than the ones achieved by hydrocarbon fuels, makes it an asset in the transportation sector [1]. The global demand for hydrogen in its pure form has been increasing since the new millennia by up to 50%, reaching values in 2020 of 90 Mt. The driving industries have been the chemical industry, with values of up to 45 Mt, and refining (oil and its byproducts), with up to 37 Mt. Conversely, one of the lowest demands is in the transportation sector, with less than 20 kt (0.02% of global demand), the one that should make the strongest effort to embrace this new technology to attain the pathways pledged by governments [2].



Projections state that hydrogen demand will keep increasing in the coming years, depending on the pathway chosen. If governments follow the announced pledge scenarios, 250 Mt could be the global demand in 2050. Instead, if the net-zero emission (NZE) scenario is the one pursued, more than 500 Mt would be the future demand in 2050, as shown in Figure 1 [2]. In any of them, we can see that the transportation sector has a big market potential, with values of up to 20% of the total demand. Fuel cell electric vehicles should represent the largest deployment due to their early commercial availability, but the quantity will always depend on price reductions and refueling stations.



Although the path towards the hydrogen economy is being led by Europe, the United States, and some Asian countries, South American governments have started giving the first steps in the same direction. Since the 2015 Paris agreement, Colombia has set goals such as stopping deforestation in the Amazonian region and reducing its emissions in the next 15 years. In 2020, more challenging goals were set to reduce emissions by 51% before 2030. To achieve this, the country began the energy transition path by starting the operation of 20 MW of onshore wind and 700 MW of photovoltaic (PV) installed capacity by the end of 2021. Roadmaps for offshore wind and hydrogen were published by the Mines and Energy Ministry, providing some insights into how the next projects will be developed in the energetic field of Colombia [3].



The hydrogen roadmap takes into account emissions reduction in the energy and industry sectors (currently >75 Mt CO2), its tentative demand, and production capacity in Colombia. It considers the country’s privileges in natural resources, such as ca. 19% and 60% of CF in solar PV and wind power, respectively, and coal and gas reserves that can be used to produce hydrogen. The 2030 goals for green hydrogen are set to be between 1 and 3 GW of electrolyzer installed capacity, for a Levelized Cost of Hydrogen (LCOH) of $1.7/kgH2, and an annual production of 50 kt of blue hydrogen, with a LCOH of $2.4/kgH2. During the first semester of 2022, Colombia started two pilots of green hydrogen production by using solar energy as the preferred method of powering the electrolyzers [3].



Considering that major changes are expected soon, this review paper overviews blue and green hydrogen production methods and the current status of these techniques in Colombia, discussing the required next steps for the deployment of said technologies and the implementation of a solid hydrogen economy in the country. The analysis takes into consideration Colombia’s natural resources, the feedstock’s geographical location for hydrogen production and transportation, and the possible paths followed by the Colombian government. The choice between green and blue hydrogen, and which one could be deployed faster, will depend on the mentioned factors, the next policy decisions, and the developments required to successfully implement the hydrogen plan in Colombia.




2. Hydrogen Production


2.1. The Hydrogen Color Code


Hydrogen can be produced in various ways using all sorts of energy sources. As stated before, the environmental impact of hydrogen use depends on the manufacturing method and its production chain. Colors are being used as the classification of hydrogen according to their production route, where brown, grey, blue, and green hydrogen can be described as follows [4]:




	
Brown H2: produced via the gasification of coal, generating CO2 emissions in the process;



	
Grey H2: produced via natural gas reforming processes, generating CO2 emissions in the process;



	
Blue H2: produced via natural gas or biogas reforming processes with CO2 emissions but using carbon capture, utilization, and storage (CCUS) technologies for a neutral carbon system;



	
Green H2: produced via water electrolysis powered by clean and renewable energy sources.








Currently, 96% of the hydrogen production comes from fossil fuels [5], 48% from natural gas steam reforming, 30% from naphtha reforming, and 18% from coal gasification, while only the remaining 4% is manufactured via green methods (e.g., water splitting) [6]. The electricity required for the water splitting comes from PV or wind. Other systems that contribute to hydrogen production include: thermochemical cycles, bio-hydrogen processes such as direct and indirect biophotolysis, or photo and dark fermentation [7]; hydrogen recovery from a waste gas stream through absorption and adsorption processes or membrane processes; however, they still are in their early research stages. Accordingly, only the most important methods will be reviewed [6].




2.2. Hydrogen Production from Fossil Fuels and Biomass


Gasification of coal, steam reforming, the Fischer–Tropsch distillate process, autothermal reforming, and thermal cracking are the main techniques to produce hydrogen via fossil fuels [8]. The first two methods are currently the most conventional. Additionally, biomass-based processes are gaining a lot of attention, as many feedstocks can be used to generate hydrogen following a circular economy approach and, thus, carbon-neutral.



2.2.1. Coal Gasification


For nearly two centuries, coal gasification has been used to produce H2 in the form of syngas, a mixture of hydrogen and carbon monoxide with ashes (Equation (1)). Nevertheless, due to the high temperatures needed (depending on the gasifier from 1400 °C up to 1900 °C), and the pollutants that appear in the reaction, it is the less favored method [8].


2C + O2 + H2O → H2 + CO2 + CO



(1)







In a gasifier, oxygen and steam are put in contact with coal, producing syngas. Then, to purify the H2, additional steam is injected, and the CO of the syngas is shifted to more H2 and CO2 reacting over a catalyst. Finally, pure hydrogen is separated in its gas state, generally through an adsorption process, as seen in Figure 2. This technique could improve its efficiency and environmental friendliness by applying carbon capture systems to ensure zero CO2 release [9,10].



Currently, approximately 130 coal gasification plants are in operation, and only three (two in the USA and one in China) have a carbon capture system. Nearly 0.6 Mt are produced yearly between them, showing that the production of H2 with low emissions is economically viable [11].




2.2.2. Steam Reforming


The steam reforming process is the most common and the least expensive method used for hydrogen production. On the other hand, the dependency on fossil fuel stocks is a significant disadvantage. Natural gas, methanol, gasoline, LPG steam, and ethanol, among others, can be used as feedstock for the reaction [12]. Almost 50% of the world’s hydrogen production comes from steam methane reforming (SMR) [6], but we cannot be oblivious to the global situation of war between Ukraine and Russia, which impacts most of the gas supply of Europe; thus, a reduction of that amount is expected.



Natural gas reforming is carried out in a catalyzed reactor at a high pressure (3–25 bar), where high-temperature steam (700–1000 °C) reacts with methane, producing H2 and CO. Since it is an endothermic reaction, heat must be supplied (Equation (2)). Then, the water–gas shift reaction occurs, where the CO and steam react generating CO2 and more H2 (Equation (3)). Lastly, through an adsorption process, pure hydrogen gets separated [13]. It is important to mark that the emissions are far less than from other methods such as coal (45%), diesel (27%), and gasoline (25%) [5].


CH4 + H2O ⇌ CO + 3H2



(2)






CO + H2O ⇌ CO2 + H2



(3)







Aqueous Phase Reforming


Another technique utilized since 2002, uses carbon-laden wastewater from different industrial sources to produce hydrogen and other valuable compounds. These carbon-rich streams are byproducts of various industries (e.g., food, agriculture and biomass processing, biodiesel production) that need to be handled before being discharged to the environment. The operational temperature is less than one-third of the regular steam reforming process (220–270 °C) at pressures between 1.5 to 6 MPa, which gives a good operational advantage in energy consumption [14,15].



The key component to developing this practice is the catalyst, whose preparation results in different features. It is usually composed of an active metal, such as a platinum group metal (PGM), a non-noble metal, or an alloy, and a support material, such as zirconia, alumina, or carbon. The preparation begins with the formation of the supporting metal system, followed by oxidation (calcination), and catalyst activation.



Equation (4) describes the aqueous phase reforming process. During this reaction, the Fischer–Tropsch and dehydration processes must be avoided, and water activation with carbon-to-carbon bond breaking should be preferred to increase the hydrogen outcome [14,15].


CnH2yOn + nH2O ⇌ nCO2 + (y + n)H2



(4)









2.2.3. Hydrogen from Biomass


The biomass used for hydrogen production can be obtained from crops or residues, such as wastes derived from the agricultural and industrial sectors, or the forest [16]. Due to the abundance of biomass in many ecosystems, and the nearly zero release of emissions, it is a method with great potential because it is carbon neutral in its lifecycle [17]. There are two main techniques of development: biomass fast pyrolysis and biomass gasification.



Biomass Fast Pyrolysis


In the absence of air, biomass is heated rapidly to be converted into a dark brown bio-oil (Equation (5)) [18]. To produce additional hydrogen, steam reforming of methane (Equation (2)) and the water–gas shift reaction (Equation (3)) are also applied afterward.


Biomass + heat → H2 + CO + CH4 + bio-oil + other products + char



(5)







Fast pyrolysis is a competitor with other techniques of hydrogen production given that, at around 900 °C, the process converts ca. 60% of the original material into gas rich in carbon monoxide and, most importantly, hydrogen [18].




Biomass Gasification


The difference between biomass pyrolysis and gasification is that the latter can be carried out with air, oxygen, and steam agents aiming to produce gaseous products instead of bio-oil [18]. Maximum concentrations of H2 achieved are between 40% to 50% [18]. As in the pyrolysis method, the gases produced are steam-reformed and water-shifted to generate even more H2. During the process, char is formed (Equation (6)). To deal with this issue, there needs to be a good gasifier design, proper control and operation, and adequate catalysts [18].


Biomass + heat + steam → H2 + CO + CO2 + CH4 + light and heavy hydrocarbons + char



(6)










2.3. Green Hydrogen Production


Hydrogen production from renewable sources encompasses a great variety of sources, all resulting in H2 almost with no greenhouse gases (GHG) as a product. To attain the mentioned announced pledges scenario of decarbonization, and finally the NZE scenario, this production classification should play a bigger role in the mid to long term for all the countries. Figure 3 reflects how the amount of electrolysis and blue hydrogen production should behave in 2030 scenarios, and the planned projects appear short.



It should also be noted that the technical potential of green hydrogen in the entire world can supply the forecasted primary energy demand in 2050 by up to 20 times [19].



2.3.1. Green Hydrogen Production Methods


Water electrolysis and photocatalysis are methods that can produce hydrogen by splitting the water molecule into its basic components using electricity or heat/light as input. Photocatalysis is under intense research but still cannot produce hydrogen on a large scale. As for electrolysis, it was discovered more than 200 years ago and is presently the most recognized sustainable technique to split water and produce green hydrogen. The simple electrochemical reaction is given by Equation (7) [20].


2H2O → 2H2 + O2



(7)







Through the passage of an electrical current, oxygen and hydrogen with a purity of 99.99 wt.% can be produced (Equation (7)), by using an electrolyzer unit where two electrodes, together with the membrane, diffusion layers, catalysts, and current collector, split water molecules (Figure 4) [21].



There are three main technologies for this process, which are reflected in the name of the electrolyzer. Proton-exchange membrane (PEM) electrolysis is the technology that right now is driving the market, because of its high amount of H2 production at low cell voltages, compared to the competition. Alkaline water electrolysis (AWE) is the oldest technology and can still play an important role in the hydrogen economy if more research is done [22]. The last one is the Solid Oxide Electrolysis Cell (SOEC), which has not yet been commercially deployed. It works at high temperatures, admitting contaminants, but with structural problems after some time for its working temperatures [20].



Hydrogen production via water electrolysis may be considered a completely green method depending on the energy source used to power the process. The preferred sources right now are wind and PV combined [23]. Yet, hydro, geothermal, or wave will result in the same green technique. Some drawbacks concerning the price of the electrolyzer and its environmental impact should also be considered. PEM electrolyzers have high costs because of the manufacture of the solid polymer electrolyte membrane and the use of PGMs, which are expensive and scarce. Moreover, PGMs are extracted mostly in South Africa, with high water consumption involved in the extraction, and superior GHG emitted compared with gold mining, for example [24]. Thus, AWE technology, which uses nickel as a low-cost transition metal and does not require ion-exchange membranes, could be the future of electrolysis if the amount of hydrogen produced competes with that of PEM [25,26]. Additionally, novel methods, such as plasma-driven solution electrolysis (PDSE), could represent a more efficient method to produce hydrogen if more research is done on the topic [27].



Water electrolysis technology carries great potential for renewable energies, as it could be the preferred storage solution to the intermittency problem. For example, when solar power is at its peak power production, the electricity demand is lower and the extra energy needs to be stored. If that surplus energy is used to feed the electrolyzer and produce hydrogen, there would be better utilization of the installed capacity [20]. Afterward, power-to-X (e.g., power-to-gas, power-to-liquid) technologies can be utilized, which are new methodologies for hydrogen utilization [28].




2.3.2. Green Hydrogen Prices


As a rising technology, the prices of green hydrogen are still not competitive compared with fossil fuels or other low-carbon technologies. Thus, some variables should be considered to determine the LCOH. Those include the technology used for the electrolysis process and its scale, the interconnection of the electrolyzer with the electricity source, the renewable energy chosen to supply the electricity (can be a single one or a combination of two sources), and the geographical location of the renewable energy source, which can determine the electricity price and, consequently, driving most of the hydrogen cost [19].



Figure 5 shows that the LCOH for renewables was between $8.5/kgH2 and $3/kgH2. Again, the cost variation will depend on the technology used, directly impacting the Levelized Cost of Electricity (LCOE). Additionally, for a specific geographical location, there will be a mix between the renewable energy source and the electrolyzer, thus optimizing the cost. If more than one generation of technology supplies the electrolyzer (i.e., wind + PV), more electricity input will have the hydrogen production system with higher CAPEX. Regarding the location, it is relevant to mention the Capacity Factor (CF) of renewable energies, defined as the ratio between the power produced by a single unit in a specified period and the unit-rated power in the same period.



Thus, CF is a dimensionless coefficient that shows the percentage of time that a system has worked at its rated power. In a global average range, the regular values for PV are 10% to 21%, for onshore wind 23% to 44%, and for offshore wind 29% to 59% [29]. These percentages are, of course, susceptible to daily and seasonal patterns, and location. Higher CF means higher system utilization, higher electricity output, and higher hydrogen production. Figure 5 illustrates the relationship between the LCOH, with different CFs in different countries, and the generation technology ratio supplying the electrolyzer system, ensuring optimal values with lower ratios [19].



Corresponding to a Net Zero Emission scenario, Figure 5 shows the relevance of the CF and the slight impact of having hybrid technologies when compared with the cost of hydrogen in an optimistic approach. It should be considered that this approach expects the technology to be highly developed. For a high CF for a specific technology, i.e., 63% onshore in Chile, the LCOH can be three times lower than for CFs of 20% in the same technology in Japan. That is mainly because green electricity has become cheaper. The LCOE has been declining significantly in the last few years. For newly commissioned projects bigger than 10 MW (utility-scale project), PV has dropped 85%, onshore 59%, and offshore 48% in the last ten years [30].



Typically, LCOH encompasses the Weighted Average Cost of Capital (WACC), CAPEX, and OPEX of projects. OPEX concerns the performance of the system and its needs for operation. The CAPEX conveys the total expenditure invested when increasing the operation, i.e., in a certain way, with the probable profit. The WACC relates to the rate of return shareholders and bondholders demand from a project [31]. Usually, this number should be as low as possible for the project to be profitable.



As a reference, details of the two leading electrolysis technologies (AWE and PEM) and their CAPEX per kW are shown in Table 1 for 2017 and 2025 [32]. Similar to the other aspects, these prices are expected to reduce in the next few years due to a strong push in technological developments and research. As the PEM electrolyzer materials are more expensive, AWE is expected to overcome the market if the target efficiencies are met. OPEX values are a low percentage of the total cost.





2.4. Blue Hydrogen Production Prices


Regarding the production price, several sources of information account for different factors, like the geographic region, fuel prices, renewable electricity price, carbon tax for emissions, capacity and load factors, and learning rates of CCUS; therefore, prices are not standardized and open to discussion. Blue hydrogen production costs could be three times lower than green hydrogen production if large-scale CCUS systems are deployed.



Figure 6 shows that the price of hydrogen obtained by the coal gasification process could range between 1.6 to $2.7/kgH2 and steam reforming is as low as 1 to $2/kgH2 on the world average. As an example, the capital expenditure (CAPEX) and operational expenditure (OPEX) requirements in China accounted for 80–85% of the total cost. There will always be variability in prices, but the feedstock is a critical portion of the OPEX that drives the cost of hydrogen production.




2.5. CO2 Emissions


Carbon dioxide (CO2), one possible GHG outcome of H2 production by fossil fuels, can have valuable commercial uses in different industries and, by doing so, help decrease the tendency of climate change. In 2019, 230 Mt of CO2 were used globally, with the fertilizer industry being the biggest consumer with 130 Mt and the Oil sector, with the Enhanced Oil Recovery (EOR) need, the second largest with almost 80 Mt [33].



Geographically, the demand is focused on the US, China, and Europe, with 33%, 21%, and 16%, respectively. The projection of growth in the mature industries is expected to be 1.7% yearly, reaching a value of 272 Mt by 2025 (Figure 7), but that amount is too low to achieve the goal of net-zero emissions. Thus, new developments and industries are needed to be born, using CO2 as the raw material.



The price of CO2 varies depending on the season and industry supply and demand. For big industrial companies, which usually are ammonia and fertilizers producers, the price range is from 3 to $15 per ton. During autumn and winter, the consumption of these industries reaches the top, causing a scarcity in the market for other sectors. Markets with low volume, such as the beverage and food industry, in need of high-purity CO2, can pay even $400 per ton [33]. Therefore, the supply will have to develop further to support peak demand and the incoming increase in consumption.



According to the IEA, three main factors will shape the future market of CO2: scalability, competitiveness, and climate benefit. The first relates supply and demand as a loop: if there is enough demand, the supply will grow, and prices will become more competitive for emerging markets. Naturally, factors such as transportation and processing facilities will take an important role in the development of the loop. Regarding competitiveness, the cost of CO2−derived services and products will drive the market’s growth, making it more competitive [33].



Lastly, climate benefit encompasses the life cycle of the product or service. To be beneficial, the use of CO2 must displace the one with higher life cycle emissions, i.e., the source (biomass being the best and fossil fuels the worst), the product/service to be displaced, the amount of energy used to convert the gas, and the time the carbon will be retained (building materials) are aspects to consider [33].



Carbon Capture, Utilization, and Storage (CCUS)


COP21 set a reduction target of 60% for CO2 emissions, although the current demand for this chemical compound is not enough. One of the possible strategies to attain this percentage is Carbon Capture and Storage (CCS), which could make a great contribution by sequestering CO2 as a long-term solution. On the other hand, Carbon Capture and Utilization (CCU) offers more economic benefits by using the chemical compound in the industry and by having the possibility of using the CO2 from industrial-released ones [34].



Nearly 5.6 Gt of CO2 emissions should be collected by 2050, 360 Mt for use in the industry (CCU) and 5266 Mt for Storage (CCS). To achieve this objective, hard-to-abate decarbonization industries, such as iron and steel, cement, chemicals, fuel transformation, and power generation, need to contribute from 16% to 90% of the emissions reduction [35]. The role of both processes can have gaps and overlap at some points (Figure 8).



More research is needed to foster the CCUS as a mature technology, desirable by the market. The overlapping utilization options are CO2 injection for Enhanced Material Recovery (EMR), mostly EOR [34], usage in oil and gas reservoirs, and unminable coal beds. For CCS, deep saline aquifer and CO2 mineralization are the main alternatives.



In terms of acquiring this gas, any power plant can be retrofitted to different carbon capture options. Still, most of the raw outcome will provide CO2 with many impurities such as SOx and NOx. Hence, if CCU is the desired product, a post-purification treatment may be required to reach the purity grade needed for chemical synthesis and food processing. Additionally, CO2 as CCU can be employed in the chemical synthesis of polymers, methanol, and hydrocarbon production as a different approach to energy products.



According to the Global Carbon Capture and Storage Institute, the CCU will account only for 6.4% of the total emissions; thus, Large-Scale CCS would be the prime methodology to help accomplish the established goal. Then again, the regular process of CCS consists of capturing the CO2 from the industrial plants, as explained previously, and concentrating it in a Cluster. Next, hubs accumulate, process, and transport the compressed gas by ship, trucks, or pipelines (depending on the distance) to permanent storage that could be onshore or offshore. Usually, this procedure is considered a reinjection or permanent sequestration, suitable for geological formation with porous rock formations such as coal seams, deep saline aquifers, and “depleted” oil or gas reservoirs. There are still doubts regarding the social acceptance of this method, because of possible leakages that should be properly addressed. Still, despite that, many projects are currently being developed following this process that traps oil, gas, and other hydrocarbons on the earth’s surface for years [36].



Only 2% of the global geological storage capacity for CO2 corresponds to oil and gas fields; the rest lies in saline formations, which are more than enough to meet the global storage requirements. Since it has been a century of industry’s exploitation of oil and gas fields, it has been demonstrated so far by seismic and geophysical data, and cores taken from wells, that these reservoirs can comprise CO2 for thousands of years. Still, pilots are required to understand better the behavior of the flow through the storage rocks. Discouraging, as there is no economic benefit in saline formations, there has not been financing to examine its potential. Indeed, if transportation costs are intended to be reduced, research on the topic should be addressed to take advantage of the many locations worldwide [35].



Many countries have deployed their hubs and clusters, where economies of scale have been created for specific tasks of the procedure. As a consequence, the same institute made a classification of the global CCS facilities that exist up to date: Commercial CCS facilities, which are part of a commercial operation, regulated for permanent storage of CO2, and Pilot and Demonstration facilities, which are testing facilities that may not store CO2 permanently and with the lifetime of the project. Globally, there are approximately 65 commercial facilities in operation or construction, the new ones mainly being opened in the United States, Australia, and New Zealand. In 2020, the operational facilities accounted for around 40 Mt of permanently stored CO2, and more than 35 pilot and demonstration facilities will encourage investment in bigger facilities [35].






3. Feasible Deployment Pathway of Blue Hydrogen Production in Colombia


The Mines and Energy Ministry published a hydrogen roadmap as part of the energy transition plan Colombia is about to follow, aiming for a 51% emissions reduction by 2030 and eventually a net zero by 2050. In this, an amount of 50 kt of blue hydrogen production is one of the objectives for 2030 [3]. This section intends to give a superficial overview of how the country could start the production of that hydrogen technique, its probable location, and policies to consider. To start, it is good to acknowledge that a new president has been elected for the 2022–2026 period, Gustavo Petro. During his term, it is expected that energy transition and climate change will take a major role, while fossil fuels, which are currently the spine of the Colombian economy, end up with a plan that strives for its reduction in the long term.



Colombia is a privileged country in the availability of natural resources, which will probably cover its energy needs in the mid-term and possibly in the long term if more exploration is done. The reserves of fossil fuels, such as coal and gas, could be used to produce hydrogen. Still, carbon capture, storage, and/or utilization should accompany this methodology to prevent an increase in emissions while accomplishing the net-zero plan.



The proven gas reserves, the least contaminant approach to producing hydrogen from fossil fuels, are about 7.5 years of consumption (2.95 trillion standard cubic feet, Tcf) [36]. That amount could grow to 39.6 Tcf if the government approves the fracking practice. However, the upcoming presidential administration will most likely refuse this environmentally harmful technique, and the extraction will be limited to a maximum of 3 Tcf (8 years) if all the reserves are successfully extracted [37]. Most of the reserves are situated in the center-east part of Colombia, in the Casanare region, and today, while new regasification plants are under construction, some imports are being made. Without gas exploration developments, the country could face difficulties in energy security because of the dependence on gas imports.



On the other hand, Colombia has one of the biggest coal reserves in Latin America, with potentially 16,500 million tons, of which 6648 Mt have been measured [38]. Being in the top 10 in the export of this resource, and with supply for more than 100 years of consumption, this fossil fuel could be the most feasible option to create a Blue Hydrogen production industry. The most important coal reservoir, with almost 50% of the country’s reserves, is in the Guajira and Cesar regions (Figure 9), in the northern part of the territory [39]. Most of the coal extracted from the opencast mining sites is exported (up to 80%) to the metallurgy industry, partially because of the calorific specifications and low sulfuric content. Usually, despite being one of the most CO2-emitting methods, if carbon capture is fully achieved, there is a high chance for the industry to foster.



Colombia’s total primary energy supply in 2019 was 44 Mtoe, with oil and natural gas being the most significant, with 39% and 27%, respectively. As it is an exporter of fossil fuels, its energy production is only 0.128 Mtoe or 5330 TJ. The energy consumption is focused on transportation, with 36.2%, and industry and buildings, with 25.2% and 19.4%, just as in any other regular country. From the electricity perspective, up to 65% of the yearly consumption (75 TWh) comes from Hydro renewable energy. From the other sources, the annual emissions are 75 Mt of CO2, i.e., 1.45 t CO2 per capita, an amount way below the global average of ca. 4.7 t CO2 [40].



From this information, it is inferred that Colombia will not significantly reduce its emissions without changing its exploitation of the fossil fuels industry. If a real reduction in CO2 emissions is intended, the transportation sector should be the prime focus, with the biggest share of 31 Mt. Then, it is to be said that hydrogen production could essentially benefit the economy by creating new markets for the blue hydrogen production chain and management. Since most of the oil exports go to the US, the export of this energy vector could play a bigger role if the energy transition in countries like the US is achieved, increasing the demand and Colombia its production.



By 2020, Colombia had 1.82 billion barrels of proven oil reserves, approximately 13 years of its annual consumption (including exports), was the 18th exporter of oil worldwide, and could increase even 3 more billion if exploration and investment exist [41]. Oil price dynamics are driven by various shareholders such as OPEC nations, supply–demand, and the possible future traded by hedgers and speculators [42]. As CCUS is mostly focused and profitable in oil extraction, the oil price will impact the investment decision and scalability for CCUS projects based on EOR, where several variables must be considered. Likewise, research applied to an oil refinery in Colombia concludes that important options for mitigating emissions are energy efficiency, CCS or CCSU as EOR, among others [43].



CCUS projects should be optimally interconnected with the emitting flue gas plant to minimize deployment costs. The cost of CO2 transportation could be up to 10% of the value of the project if pipelines are the chosen method or even more with other methodologies [34]. To make the most profit from the CO2 emissions, as stated before, implementing Enhanced Oil Recovery (EOR) in the existing and future wells would be the best option. Normally, an oil well can be extracted up to 20% through natural pressure. By waterflooding, another 20% can be recovered, and by using CO2 injection, depending on the type of oil, deepness, and several other conditions, another 10 to 20% could be retrieved, achieving a 50–60% recovery [44]. Therefore, oil companies could sponsor the CCUS project for their benefit in a winning image for avoiding GHG emissions.



In Latin America, only Brazil has developed a CCUS Facility and a pilot and demonstration one. The Petrobras Santos Basin Pre-Salt Oil Field CCS facility capture CO2 from an offshore installation that processes oil and natural gas and reinjects it into three different oil fields for EOR, with a capacity of 4.6 Mt per year. As the entire process occurred in the same place, this oil company did not have to invest much in transportation, storage clusters, or more complex infrastructure; therefore, the profitability should be high [19]. These pilots and demonstrations are critical to assess the future behavior of the CO2 inside and outside the wells. Specific emphasis on measuring if it is any effusion or leakage to the environment should be made before scaling the methodology worldwide.



Considering the previous scenario and its feasibility (socially, environmentally, technologically, and economically), Colombia should implement the technology required to gasify the coal, preferably in a place close to the mining sites or the transportation route of the coal product. Regarding gas, there are five gasifier plants currently operating, two of them with 60% of the country’s supply, located in the Casanare region [45]. The other three are being built on the Caribbean coast (Magdalena, Sucre, and Guajira), the northern part of the country. Geographically, hydrogen production should be done in the northern region where the feedstock can be found.



Colombia has three mountain ranges that emerge from the Andes. This makes the country’s altitude significantly vary over shorter distances. As it is in the Equator, there is no seasonal behavior, but a strong influence of the altitude over the climate, combined with the tropical weather, drives rain and droughts. Therefore, the country’s topography makes interconnection by pipes difficult, even by properly paved roads.



Surpassing the adversities, major pipelines have been built to transport oil and its derivates from the exploitation sites. Between oil and multipurpose pipelines, there are more than 6150 km interconnecting the extraction sites with different clusters and ports [46]. Most of the Casanare, Valle del Cauca, Meta, and the central part of Colombia are interconnected to the Caribbean coast, in Magdalena and Sucre ports. Additionally, more than 4000 km of gas pipelines start in Casanare, Meta, and Cauca regions and finish in Guajira, the upper coastline of the country.



If the preferred feedstock for blue hydrogen production is gas, there could be a chance to support the CO2 transportation infrastructure within the existing gas or oil infrastructure. Of course, gas pipelines should be repurposed, or new ones should be constructed to withstand the higher pressure of transportation of the chemical compound. Normally, the most economical way to transport CO2 is as a supercritical fluid (high density and low viscosity), with pressures above 13 Mpa [47]. Additionally, it should be assessed if the current gas reservoirs can support an EMR process as CCUS to make the whole system profitable. Equally, interconnection from the gas pipelines to the oil exploitation sites should be more developed to apply EOR.



The transport of coal from Guajira to the oil reservoirs in Casanare, being as long as 1500 km, is economically unfeasible because of the volumetric size of the raw material. Therefore, hydrogen production in situ could be the preferred method. Then, the transportation of CO2 products could be supported by the gas infrastructure that reaches this zone of the country. Just like the previous method, new or repurposed pipelines should be acquired.



Having in mind that Colombia is an agricultural country with almost 50 million inhabitants, biomass also has a high potential for blue hydrogen production. Summing up biowaste from the livestock sector, agricultural sector, and urban centers, 126 Mt are collected every year, reaching a potential energy value of 130,000 TJ, or approximately 4120 MW. This process may present large advantages if the technology keeps pushing forward and CCS are used [48]. Therefore, the use of biomass must be taken into account, avoiding the choice of sources with higher emissions [49].



The LCOH forecast in Colombia is shown in Figure 10, depending on the production method and considering only new projects could be developed. Grey hydrogen production by gas is currently the cheapest option, at $1.9/kgH2, and the blue counterparts get as high as $2.4/kgH2. The forecast is not encouraging, and more immediate actions should be taken [3].



In 2021, the government implemented the 2099 policy, which funds three different institutions to foster the utilization of renewable energies and energy efficiency, and creates benefits for the people who research in these areas, as well as deducts taxes for all the parts, elements, and machines such as inverters, PVs, etc. Additionally, the 1931 policy of 2018 encompasses the development of institutions that monitor climate change and consulting organizations that help in the decisions related to emissions and sustainability. Despite the policy developments, the laws are still subtle and short-sighted if the goal is producing 50 kt of blue hydrogen at $2.4/kgH2 by 2030 and having carbon neutrality as the final goal.



The Hydrogen Roadmap for Colombia realizes the lack of normativity and proposes some steps to be considered, such as the incentive of usage of blue hydrogen, the adoption of incentives for CCUS in the market and in new technologies, the possibility of adopting the market prices of CO2 emissions and regulate its taxation [3]. As the previous government is ending its ruling period, timing is paramount to accomplish the goals. Only eight years are left for 2030, and just the roadmap is written, with the 2169 policy requiring a 51% emissions reduction.



From the blue hydrogen perspective, the first step should be to approve the policy to foster the adoption of CCUS and basic CO2 emissions regulation. Then, there should be a strong partnership between the oil and gas companies, such as Empresa Colombiana de Petroleos (Ecopetrol), and the government, to encourage the development of Pilot and Demonstration CCUS facilities in the oil fields. In parallel, the technology for the gasification of coal–hydrogen production should be bid to an expert in the field, comprising the relationships with the raw material suppliers, e.g., Cerrejón. Likewise, the government needs to accurately write and pass the policies that push the whole blue hydrogen–CO2 emissions chain, creating new and attractive economic markets. Only after that basis is accomplished together with the deployment of a strong interconnection, clustering, CO2 storage, and required technologies, a more robust emission taxation should be passed, with a higher and more dynamic cost for the emitting industry.




4. Overview of Green Hydrogen Production in Colombia


As mentioned before, Colombia is a country privileged in its geographical location and natural resources. For example, the mountain ranges foster the coexistence of many different ecosystems at specific heights. The “Paramo” ecosystem, 50% of which is in Colombia, can collect up to 85% of the country’s drinking water. Consequently, hydroelectricity produced in Colombia corresponds to more than 70% [34] of the entire generation, and practically there is no more chance of expansion in this type of production. At the end of 2019, the total installed capacity between hydro and thermoelectric plants was close to 17.4 GW [50].



Just as the water flowing in the rivers was effectively used for Colombia’s electricity needs, new green resources such as the sun and the wind have been studied to support the energy transition. Once more, the outlook is positive in this aspect. In 2004, the first Onshore wind farm was installed in the Guajira region, where the winds reach velocities between 8 m/s to 10 m/s at 80 m, almost double the world average [50]. This northern part of the country can have an installed capacity of 25 GW onshore.



Concerning offshore wind, Figure 11 depicts the wind speed strength on Colombia’s Caribbean coast, where winds reach values greater than 10 m/s at 150 m above sea level. The capacity factors also can achieve values up to 65–69%. On the other hand, Colombia’s west coast only reaches values up to 6 m/s with lower CFs. Likewise, the center of the country has wind resources that can come up with CFs of 60% [50]. It must be noted that when the size of the turbines increases and the technology improves, the capacity factor can increase. For instance, 1.5 MW turbines from 2000 have a CF of 30%, and today’s turbine of 5 MW can reach 38% [50]. Currently, only one 17.5 MW onshore farm is installed, but the plan is to increase the number of wind farms.



Being right in the equator line guarantees that solar radiation will be higher than average. Guajira region and some of the northern part have solar radiation as high as some parts of the Sahara Desert, with estimates close to 6 kWh/m2/day. Other parts of the country reach values between 3.6 kWh/m2/day and 4.7 kWh/m2/day, with sun availability between 4.8 to 12 h. The irradiation map is similar to the one in Figure 11 for the northern part of Colombia. The installed capacity is not fully clear, but it was approximately 180 MW in 2020 and is intended to keep growing [51].
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Figure 11. Wind resources in the northern part of Colombia [52]. 






Figure 11. Wind resources in the northern part of Colombia [52].
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The National Energy Plan (PNE) considers four different scenarios for developing its energy transition. The most challenging and optimistic (Disruption) includes using hydrogen in transportation and some industries, green hydrogen production, a decarbonization process, using only renewable energies (even nuclear) for electricity consumption, and massive technological development. The pessimistic scenario (Update) still relies on the economic model used nowadays by extraction of fossil fuels, low growth in renewables, and not a significant decarbonization process [53].



It must be considered that the target set in the hydrogen roadmap intends to reach values between 1 to 3 GW of electrolysis installed capacity at prices as low as $1.7/kgH2. Then the “Update” scenario should not be the path to take if the goals of the hydrogen roadmap are the ones to attain. Figure 12 displays the four scenarios, their participation in Colombia’s energy grid, and the share of fossil fuels vs. renewables per year [53].



Today, Colombia does not have a robust electrical infrastructure that interconnects the entire country, which is a primordial challenge to overcome in the short term. Additionally, standalone hydrogen systems (off-grid) are not economically feasible yet in a country without seasons [54]. This could discourage investment in renewables, considering that the strongest gaps of interconnection are in the north of the country, where these sources are stronger. Nevertheless, after a couple of energy auctions made in 2019, for the short term, 1390 MW were awarded for renewable energy: two PV projects of 238 MW and six onshore projects of 1160 MW, all located in the Guajira and Cesar Regions. The other auction, focused on the long-term supply, awarded eight projects (five between offshore and onshore wind and three PV) with a capacity of 1220 MW. Colombia’s first offshore project will be in Barranquilla, with a 350 MW installed capacity [53].



Considering that between 2004 and 2018, few were Colombia’s commitments in the energy transition, it is worth highlighting the various developments that have taken place in studies, dedicated resources, and commitments in the last three years. Under the previous scenario, the country is moving forward to attain the proposed goal of 2500 MW of installed capacity for 2022; by having other projects for the future, the confidence in an energy transition increases. Regarding the price of electricity for long-term projects, it would be approximately 22 to $25/MWh, which is the lowest price with the current technologies and situation of the country [53].



All these efforts are paving the way for green hydrogen production. Colombia realized there are optimal green resources and is heading towards its extraction. Its goal is to be the biggest Latin American exporter country of green hydrogen by 2030. This is a challenging task, considering Chile is forecasted as the strongest country in South America, with the most competitive prices. Colombia only published its Hydrogen Roadmap in the last couple of years and recently started two pilot electrolysis projects in the Magdalena and Bolivar regions [55].



Behind these couple of projects, two oil and gas companies are investing in Colombian energy’s future. Ecopetrol, a company producing hydrogen based on gas, financed a 50 kW PEM electrolyzer system fed by 270 solar PV with the capacity of producing up to 20 kg of H2 per day. Located in Cartagena, besides its gas refinery, this pilot will help them get insight into the system, including maintenance, scalability, and reliability for future projects. The next projects will focus on two electrolyzers feeding hydrogen to refueling stations for transportation [56]. On the other hand, Promigas will use 324 PV panels to produce up to 4.3 kg of H2 per day, with the possibility of expansion to 40 kg of H2 per day. The company focuses this pilot on decentralized production, distributed generation, transportation, and blending with gas processing [55]. Methane-hydrogen blending has proven to be efficient for several applications, including for internal combustion engines, also reducing emissions compared to the natural gas feedstock [57].



As the oil and gas companies have the know-how of fossil fuels extraction and transportation, tied with a good financial capacity, it is expected that the companies would take advantage of the encouraging goals of the government and start building a green hydrogen economy. This could help the energy transition process and give some insight into how Colombia can replace, at least for a percentage, its economic dependence on the export of fossil fuels by using green hydrogen in the future. It is to be noted that the locations chosen by these companies are close to commercial ports, which could benefit them if exports are to be started in the mid-term.



In contrast, if green hydrogen is to be supplied to Colombia, those two locations could take advantage of the existing oil and multipurpose pipeline infrastructures for reaching the urban centers, but at a high cost. The Guajira region would have the same issue, where hydrogen pipelines should have different properties to avoid gas diffusion. Then, an on-site methodology for green hydrogen production should be studied. Hydropower supply for green hydrogen could be an easy option to spot because of its installed capacity in Colombia and the economic benefit of having hydrogen as an energy storage technology. Two options can be followed: transport the hydrogen through pipelines or use the surplus of electricity to a supply point where the electrolysis process can be carried out [48]. The latter could be considered for the future, in parallel with the use of fuel cells for electricity supply under the existing grids.



It should be considered that subsequent processing of hydrogen could follow. Hydrogen can be transformed into energy carriers such as ammonia and e-fuels, including methane, methanol, and liquid hydrocarbons, which are usually produced from fossil fuels [58]. These can be mixed with current fuels to ease the energy transition [59]. In the meantime, more available fuel transportation solutions can exist under this transformation process, which is not the scope of this work, as well as different uses in the industry.



It is worth mentioning that the Colombian government will fund 10 projects as pre-investment studies in the pre-feasibility or feasibility stages for the hydrogen value chain. These projects encompass green hydrogen production, the transportation sector, and hydrogen usage [60]. Most of the hired firms are foreign companies with a subsidiary company or partnership in Colombia, meaning that the knowledge is mostly being imported. Recognizing that Colombia needs inner R & D to succeed in the energy transition, the Science Ministry and the Renewable Energy and Energy Efficiency organization launched a call for projects on hydrogen production with low emissions and carbon capture measurement, among others, with closure in late September 2022 [61]. Similarly, Universidad Nacional de Colombia has been developing different research projects focused on the hydrogen roadmap targets [62], but there is still a long way to go before reaching the demonstration stage. Therefore, the maturity of these technologies in Colombia, as measured by their Technology Readiness Level (TRL), is in their initial steps (1–3).



The Colombian government must continue promoting energy transition and policies to increase investment and local R & D in this area. More importantly, the market needs to be developed to have the required profits to make it a sustainable economy. On the inside, the transportation sector needs substantial investments from the government to switch the current fossil fuel fleet technology and reduce emissions.




5. Conclusions


As climate change becomes more evident, several countries are setting additional goals to reduce emissions and limit the global temperature increase. Population growth and consequent energy consumption need to be supplied following strategies that minimize greenhouse gas emissions. Hydrogen, the most abundant element on earth, is one piece of the puzzle to solve the hard-to-abate industrial and transportation needs.



Several methods can be used to obtain hydrogen, but few have no prejudicial results. Blue hydrogen is a potential opportunity for oil and gas companies, as the CO2 could be used to generate profit from the existing oil reservoirs by giving the chance to extract more from them. More investment should be made in this blue technology, and more pilots should be carried out in the oil and gas-producing countries. Once the profit is assessed and the environmental impacts studied, infrastructure can be constructed, as expected in Colombia’s case. If the previous specifications are met, this country can take advantage of its coal supplies to produce a competitive hydrogen economy. In addition, the government should approve specific policies for the right taxation of CO2 emissions to foster blue hydrogen production together with the green technique.



Even when its emissions are not that extreme, Colombia is a country with an incredible potential to produce green and blue hydrogen. Its natural resources, location, and diversity have significant advantages over most countries, such as high irradiation, wind speed, hydropower, and coal reserves. Future dynamics and success will be limited mostly by the market and government. With the right sum of those two, the 2030 goals for hydrogen production will be attained at competitive prices.
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Figure 1. Hydrogen demand by sectors in 2 different scenarios listed as (a) announced pledge scenarios stated by governments and (b) net-zero emission scenario by 2050 [2]. 
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Figure 2. Hydrogen production by the coal gasification process [8]. Reprinted with permission from Elsevier. 
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Figure 3. Green (electrolysis) and blue hydrogen production in different scenarios [2]. 
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Figure 4. Simplified scheme of the water electrolysis process [21]. 
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Figure 5. LCOH produced by different means vs. generation technology ratio and CF for NZE scenario [19]. 
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Figure 6. Comparison of hydrogen production costs with different technologies and scenarios [2]. 
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Figure 7. Forecast for CO2 future global demand (a): average growth of 1.7% yearly; (b) 2015 demand by sector [33]. 
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Figure 8. CCUS structure with different storage and utilization paths [34]. Reprinted with permission from Elsevier. 
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Figure 9. Coal reservoirs map in Colombia, by state (adapted from [39]). 
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Figure 10. LCOH of coal and natural gas for blue and grey H2 production [3]. 
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Figure 12. Evolution of the energy mix in Colombia, including (a) the share of renewable energy, accounting for nuclear and hydrogen, and (b) the share of fossil fuels [53]. 
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Table 1. Techno-economic characteristics of alkaline and PEM electrolyzers [33].
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Electrolyzer Technology

	
Alkaline

	
PEM




	

	
Unit

	
2017

	
2025

	
2017

	
2025






	
Efficiency

	
kWh electricity per kg H2

	
51

	
49

	
58

	
52




	
Efficiency (LHV)

	
%

	
65

	
68

	
57

	
64




	
Lifetime stack

	
Operating hours

	
80,000

	
90,000

	
40,000

	
50,000




	
CAPEX-total system cost (incl. power supply and installation costs

	
$/kW

	
750

	
480

	
1200

	
700




	
OPEX

	
% of initial CAPEX/year

	
2

	
2

	
2

	
2




	
CAPEX-stack replacement

	
$/kW

	
340

	
215

	
420

	
210




	
Typical output pressure

	
bar

	
Atmospheric

	
15

	
30

	
60




	
System lifetime

	
Years

	
20

	
20
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