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Abstract 

The concept of a “hydrogen (H2) society” is meant to serve as a greener alternative toward 

fossil fuel utilization and mitigating the climate crisis. However, major challenges concerning 

sustainability in the production of H2 need to be resolved to fulfill the development of a 

hydrogen society. Climate change cannot be mitigated while fossil fuels remain the primary 

source of H2 production. The use of excess renewable energy to produce H2 can also be 

economically challenging; moreover, difficulties in storage and transportation could render a 

hydrogen society inviable. Biochar, being a renewable low-cost material, could be key 

toward resolving these challenges, by serving as feedstock for steam gasification, as a 

catalyst or catalyst support for thermochemical or photochemical processes, or as an additive 

for biochemical processes. This study examines the plausibility of the concept of an “H2 

society” and the role of biochar in making this a reality. Biochar helps improve H2 

production, being an effective catalyst due to its high surface area, porosity, conductivity, and 

stability. Its high H2 storage capacity could facilitate effective stationary storage and 

transportation. The role of biochar in an H2 economy is becoming clearer; however, 

developing effective biochar-based materials for H2 production and storage is necessary.  
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1. Introduction 

Increased carbon dioxide (CO2) in Earth's atmosphere is contributing to a change in its 

climate due to the inexorably increasing anthropogenic consumption of fossil fuels1,2. An 

increase in the world’s population to a predicted 10 billion people by 2050 will lead to a 

further intensification of cheap fossil fuel consumption, leading to increasing undesirable 

concentrations of CO2 in the atmosphere3. The Paris Agreement initiated in 2016 within the 

United Nations’ Framework Convention on Climate Change (UNFCCC) was intended to 

maintain global warming well below 2 °C2,4. Cutting CO2 emissions fast enough to limit a 

global temperature rise of 2 °C is challenging; moreover, the current pace is considerably 

slow. Wind, solar, water, biomass, and nuclear energy are all part of the portfolio of 

sustainable energy resources to combat climate change, but have their challenges. For 

example, wind and solar are intermittent forms of energy. Hydropower is also variable, and, 

like biomass, water is necessary for sustaining the food supply chain. Use of nuclear energy 

is contentious due to the high hazard level during accidents; moreover, meticulously storing 

and processing the spent fuel is essential. Due to these challenges, H2 is back in the spotlight 

after a twenty-year hiatus as a carbon-free fuel with similar attributes to traditional fossil 

fuels. Compared to other energy resources, H2 is a panacea as it is clean, odorless, and non-

toxic; most importantly, abundant sources are available for its production (Figure 1). It has 

become one of the most prized targets in the global new energy market, being shown to be a 

cost-effective alternative to bioenergy with carbon capture and storage5. 

We review the current scenario and prospects of global H2 production, cost of 

production, significance of production technologies, possible reduction in CO2 emissions by 

using H2, and the role of biochar technologies in an H2 society. Extensive adaptation toward 

being an H2 society will substantially cut anthropogenic emissions of CO2; moreover, it could 

stabilize and reduce climate change more rapidly than is currently expected. The 

transformation to an H2 society from conventional carbon societies would be smoothed out 

by biochar, which has not yet garnered adequate attention. The tunable properties of biochar 

could play an important and essential role in the next-generation H2 society by replacing 

many of the expensive traditional materials in H2 production and storage. Hence, this study 

aims to critically examine an H2 society and the role of biochar. Biochar has been identified 

as a sustainable precursor for a low carbon society because of its potential to sequester carbon 
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and its proven qualities to substitute expensive aspects of an H2 society, such as electrodes, 

catalysts, and storage devices6–8. 

 

2. Global Production and Usage of H2 

Global H2 production is currently about 65–100 million metric tonnes, and the value 

of the H2 market in 2019 was approximately 117 billion US dollars, which is expected to 

reach 199 billion US dollars by 20239. The leading suppliers in the global H2 market are Air 

Liquide, Air Products and Chemicals, Hydrogenics, Messer Group, and the Linde Group10. 

With over 50% of the global supply being produced by these five companies, H2 production 

is an oligopoly. In terms of H2 production sources, half of the supply is delivered by the 

steam reforming of methane; another 30% is derived from industrial processes or oil refining; 

and the remaining 20% is sourced from coal gasification, water electrolysis, and other 

production methods. Globally, 95% of H2 is produced from fossil fuels11. The annual growth 

rate in H2 production from 2018 to 20239 has been forecasted to be at 8%. Currently, the 

captive use of H2 accounts for >95% of the global production. Global H2 consumption is 

increasing at a rate of 3%–4%12 per annum; furthermore, it is expected to continue increasing 

as H2 utilization penetrates wider energy markets.  

H2 is used in many industrial sectors due to its chemical composition, physical 

properties, and carbon-free nature. It is mostly used as an industrial feedstock, but is also a 

by-product of many industrial processes13 such as petroleum refinement (e.g. Fischer-Tropsch 

synfuel production), fertilizer and ammonia synthesis, food preparation, metal refining, and 

in fuel cells in electric vehicles. In agriculture, H2 is used to produce ammonia, methanol, and 

cyclohexane, which are important inputs for agrochemical production. In the energy sector, 

H2 is a flexible energy carrier to link different transmission and distribution systems. It can 

also be transformed into various energy forms such as electricity and heat for diverse 

applications in other sectors. In the power sector, H2 is used to generate electricity in both 

centralized and decentralized systems. Many countries consider the transition from oil to H2 

as inevitable and have invested billions of dollars in H2 projects14. The USA, European 

Union, and Japan have launched roadmaps outlining the role of H2 in their future energy 

sectors15. Moreover, the government of Japan constructed the Olympic Village for the 2020 

Tokyo Games as a model of an H2 Society. Germany, USA, China, and Korea have been 

developing H2 storage technologies to buffer wind and solar PV variability; H2 fuel cells for 
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applications in road, rail, air, and shipping; and "piggy backing" as a fuel in industry for 

energy production; and as a feedstock and for building heating and power16. Since 2003, 

China has formed several H2-based industry clusters to promote the development of H2 fuel 

cell technology. Many other countries, including the UK and the USA, are also considering 

utilizing H2 as a source of green energy in the future. Additionally, H2 could play a 

significant role for heating systems in the building sector, consequently helping reduce fossil 

fuel consumption. The Hydrogen Council estimates that the use of H2 could help facilitate a 

reduction of approximately 20% of global CO2 by 205016. 

H2 usage is expected to expand across a wide range of industries with the 

improvement of existing technologies and development of new technologies. Investment in 

H2-based technology balances potential costs and risks with the prospect of achieving 

sustainable economic growth on the back of an increasing need for highly specific transport, 

storage, and end-use systems17,18. While H2 production technologies are evolving, industrial-

scale utilization of H2 is far from being developed19. If the widespread adoption of H2 as a 

long-term sustainable energy solution is to be achieved, research and investment in both 

production and utilization technologies must be sustained.  

   

3. H2 Economy 

Approximately 95% of H2 is currently produced by the transformation of fossil 

fuels, which leads to annual CO2 emissions of 500 million tons. This represents 2% of global 

energy-related CO2 emissions20–22. The full realization of H2 as a clean, versatile, and 

efficient fuel is, therefore, subject to the sustainable use of resources for its production. An H2 

economy supported by renewable and locally available resources is particularly attractive due 

to the potential for saving transportation-incurred costs and emissions23.  H2 production 

associated with renewable and sustainable energy resources in the form of storage during 

excess production is considered one of the most promising approaches toward achieving a 

cleaner environment and a sustainable energy future.  

H2-based energy technologies can serve as a transition mechanism when used in 

synergy with other renewable energy systems, as H2 can be transformed into other forms of 

energy including steam, heat, and electricity. Hybrid systems consisting of renewable 

electricity generators and water electrolysers can achieve a higher degree of power stability 

by using H2 to store excess electricity and improve the balance between energy generation 
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and demand. This can mitigate the disadvantage of intermittent power generation from wind 

and solar energy over diurnal and annual cycles22. Where grid supply is disrupted, hybrid 

electricity supply systems incorporating H2 storage and fuel cells are able to maintain both 

electricity and H2 supply to essential and critical services24. 

 

4. H2 -based Transport  

The transport sector is one of the biggest consumers of fossil fuels and accounts for 

around 27% of global greenhouse gas (GHG) emissions25. Moreover, fossil fuel powered 

transport is a major cause of urban air pollution (e.g., particulate matter (PM), nitrogen oxides 

(NOx), sulfur oxides (SOx), and ozone (O3)). In 2010, land traffic related PM2.5 and O3 

emissions were associated with over 163,000 premature deaths worldwide26. The 2015 

United Nations Climate Change Conference (COP21) urged for increased adoption of low 

carbon technologies in the transport sector to meet the sustainable development goals 

(SDGs). To address this, the International Energy Agency (IEA) estimated that the transport 

sector would undergo a transition from oil to alternative energy sources27.  

H2 can be used to power internal combustion engines or fuel cells to enable 

automotive applications with high energy-conversion efficiencies and pollution-free 

electricity production28. For example, proton exchange membrane (PEM) fuel cells can 

achieve efficiencies of 63% and an overall system efficiency of 35%29.  The latest H2 fuel 

cells are three times more efficient than gasoline engines30. Different types of fuel cells are 

associated with different efficiencies; the efficiencies of alkaline, phosphoric acid, polymer 

electrolyte membrane, molten carbonate, and solid oxide fuel cells are known to be 70%, 

85%, 60%, 85%, and 85%, respectively31. However, despite the gravimetric energy density of 

H2 being 2.6 times higher than that of gasoline, the volumetric energy density of H2 is only 

quarter that of gasoline. This means that, in comparison to gasoline powered vehicles, 

considerably large volumes of H2 are needed over the same driving range for H2 powered 

vehicles. Hence, it is necessary to address this technical and economic drawback in 

transporting and using H2, which could otherwise undermine the successful transition from a 

carbon-intensive to a low (or zero) carbon transport sector. Mobile H2 stations are one of the 

many potential solutions already implemented in countries such as Japan, UK, and USA32. 

Hence, having efficient H2 storage and transport facilities is more essential, for which biochar 

would be an outstanding candidate. 
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5. H2 Costs 

Capital cost components of H2 production include H2 production equipment, storage 

tanks, compressors, pipes, pumps, ancillary equipment, dispensers (for refueling stations), 

and construction. Typical operating costs include those for electricity, staff costs, equipment 

maintenance, replacement, water, land, and natural gas.  

Component sizing is key to determining the economic viability of H2-based systems. 

Oversized devices not only lead to excess energy conversion, but also increase the costs of 

operation, maintenance, and decommissioning; moreover, they have numerous associated life 

cycle environmental impacts 33. Centralized H2 production systems are generally more 

economically viable than smaller, distributed ones. For example, a 2 MW polymer 

electrolysis-based plant using renewable energy to produce H2 for distribution by tube trailers 

could potentially achieve a 9-year pay-back period with a net present value (NPV) of 1.2 

million EUR34. In addition to the electrolysers, such a system involves four 150 m3 containers 

that can store around 1,800 kg of H2 at generation pressure, a membrane compressor to 

increase the H2 pressure from 10 to 250 bar, and tube trailers with a capacity to transport 367 

kg of H2 each. The estimated NPV considers the filling of the tube trailers but not the 

transport distance. For centralized H2 production, H2 delivery is one of the major contributors 

to overall costs, energy consumption, and emissions. Alternatively, in distributed H2 

production, transportation costs are reduced by approximately 22–45 EUR/MWh-H2
35. 

Distributed H2 production in areas with accessible sources of biomass or suitable industrial 

by-product streams will reduce energy use, pollutant emissions, and transport costs for the 

raw materials. The typical H2 demand of a small industrial process (e.g., food, glass, or metal 

production) is around 1,000 Nm3/h36. The development of an H2 economy with a national 

distribution system is time-consuming; however, relevant development can be initiated by 

utilizing local, small H2 generators for both stationary and mobile applications. 

The economic feasibility of H2 production is also contingent upon technology 

selection. The H2 production costs of various technologies are shown in Figure 1. With a 

conversion efficiency of 74%–85%, steam methane (CH4) reforming is expected to be the 

most economical method for centralized large-scale H2 production in the coming decades, 

with costs closely associated with the availability of natural gas22,34,37. Large-scale H2 

production costs could be <1 USD/kg; however, costs could increase to approximately 
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8 USD/kg if the scale of production decreases to approximately 300 Nm3/h (Figure 1), which 

is not economically viable. For a steam reforming system with an H2 production rate <20,000 

Nm3/h, H2 production costs are higher than that for gasoline, 2.82 USD/kg (cf. dashed line in 

Figure 1). For example, the cost of producing H2 of a small-scale steam reforming system 

with a capacity of 1,000 Nm3/h has been estimated to be 117 EUR/MWh (4.44 USD/kg)38. In 

this system, natural gas is supplied into a reformer to produce H2 and CO, and is then passed 

through a water-gas shift reactor, with a high-temperature shift at 723 K and a low-

temperature shift at 493 K, which consumes CO while producing additional H2. H2 is 

subsequently separated from the product gas in a pressure swing adsorption (PSA) unit with a 

recovery rate of 0.9; thereafter, the remaining PSA off-gas is burned with additional natural 

gas to supply heat energy to the reformer. 

 

 

 

Figure 1. H2 production costs of various technologies13,37,39–49
. All costs were converted to 

2018 values considering the inflation rate of the original currency (EUR or USD), and EUR 

values were converted to USD considering an exchange rate of 1.14. The dashed line denotes 

the H2 price calculated based on a gasoline price of 1 USD/kg and an equivalent energy 

content between H2 and gasoline. H2 production capacities are denoted in terms of Nm3/h. 
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PWE and AWE denote PEM water electrolysis and alkaline water electrolysis, respectively; 

SR = steam reforming; TMD = thermal CH4 decomposition; WE = water electrolysis 

(splitting); BG = biomass gasification; Bio = biochemical methods; and CG = coal 

gasification.  

 

 

Thermal methane decomposition is generally more cost effective than steam 

methane reforming for small or medium scale on-site H2 production; however, its economic 

viability depends on the market value of carbon, i.e., it is economically competitive with 

steam methane reforming if the market value of carbon is higher than 280–310 EUR/tonne37. 

The cost of H2 production from thermal methane decomposition has been shown to be 

comparable to that of large-scale steam methane reforming with a carbon value of 200 

USD/tonne and a carbon tax of 78 USD/tonne50.  

The economics of H2 production by water electrolysis greatly depends on the cost 

and availability of electricity34,45. With electricity costs as low as 10 EUR/MWh, water 

electrolysis is a less expensive method to produce H2 than steam methane reforming with a 

natural gas cost >16 EUR/MWh37. The H2 production from alkaline water electrolysis in 

systems with production capacities of H2 >1000 Nm3/h is potentially competitive with 

gasoline production (Figure 1). For example, the H2 cost of an alkaline electrolysis-based 

system with a capacity of 1000 Nm3/h was estimated at 71.1 EUR/MWh (7.2 USD/kg)38. 

This system was associated with a capital expenditure (CAPEX) of 1000 EUR/kW and an 

O&M cost of 3% of the CAPEX, as well as an energy consumption rate of 52 kWH/kg-H2. 

The unit capital cost of water electrolysis systems will decrease as production volumes 

increase and as supply chains are developed. A limited supply of low-cost renewable 

electricity (e.g., 10–30 EUR/MWh) reduces the viability of H2 production by water 

electrolysis and, as such, is considered unsuitable for demand-driven H2 production37.  

New strategies have been developed to utilize low-priced curtailed electricity or off-

peak electricity from renewable energy sources for more economically viable H2 production 

by water electrolysis. The H2, in this case, serves as an electricity storage method to reduce 

the peak electric load, stabilize the electricity grid, and raise the grid capacity factor. For 

example, in China, the life cycle costs of H2 production by water electrolysis using curtailed 

electricity are 0.97 USD/kg-H2 when H2 is used as a chemical material, 0.1226 USD/kWh 
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when it is used to power vehicles with a polymer electrolyte membrane fuel cell, and 0.1273 

USD/kWh when it used as a fuel for combustion engines51. 

This analysis considered three phases involved in the H2 supply chain, i.e., H2 

production, storage, and utilization. H2 was produced by water electrolysis (3 MPa; 353 K) 

and then compressed (1 kWh/kg-H2) and stored in a steel composite vessel at 24.82 MPa, 

followed by final utilization in a chemical plant or gas station. The costs of H2 production 

with off-peak electricity ranged from 3 to 3.5 EUR/kg-H2 for three European countries (i.e., 

France, Germany, and Spain)52. However, if H2 production solely relies on off-peak 

electricity that is designated by a threshold price, a larger electrolysis capacity is needed 

under a lower threshold price to meet a given H2 demand53.  

The economic viability of H2 production from biomass gasification depends on the 

price of biomass and CO2 emission. Assuming a price of 100 USD/tonne of Canadian pine 

wood, a 630 MW biomass gasification (fluidized bed or entrained flow) plant (with carbon 

capture and sequestration (CCS)) was shown to be economically competitive with a 

commercial steam methane reforming plant, assuming that the price of CO2 was higher than 

115 USD/tonne or that the price of natural gas was higher than (with CCS) 5 USD/GJ54. In 

addition to gasification reactors, the plant also involved a tar reformer unit, sulfur recovery 

technology (LO-CAT and ZnO bed units), a water gas shift reactor to convert CO to H2, a 

scrubbing amine unit to remove CO2, and a PSA H2 recovery unit. Figure 1 shows that the 

cost of H2 production in large-scale biomass gasification is comparable with conventional 

steam reforming and coal gasification. The gasification of biomass or waste streams is 

expected to become the cheapest method for renewable H2 production in the coming decades. 

Gasification-based H2 production could achieve further cost reductions with the introduction 

of new processing routes, especially catalytic ones55. Combining catalytic biomass 

gasification with solid oxide fuel cells in decoupled or direct mode can support particularly 

high-efficiency (>70%) electricity production54.  

Biochemical methods (e.g., biophotolysis, dark fermentation, and photo-

fermentation) are less energy and investment intensive approaches; however, their viability is 

contingent upon higher production rates and improved conversion efficiencies22. Unlike other 

technologies, the production costs of biochemical methods increase as production capacity 

increases because of substantial additional capital costs (e.g., that for larger tanks). 
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Biochemical methods may be most suited for small-scale distributed deployment, where 

biomass and industrial by-product streams are easily accessible. 

 

6. Global Warming Potential (GWP) of H2 Technologies 

The GWP considering the steam reforming of natural gas varies from 8.9 to 12.9 kg 

CO2-eq./kg-H2
56. Total global CO2 emissions from natural gas derived H2 production are 

strongly affected by CH4 leakage in the natural gas supply chain (e.g., well site, gas 

processing, transmission, storage, and distribution). If the leakage rate is assumed to be 7.9%, 

then the steam reforming of CH4 for use in an internal combustion engine would lead to a net 

increase in global CO2-eq emissions of 19–27%57 (cf. Figure 2). The on-site CO2 emissions 

from H2 production by CH4 thermal decomposition and steam CH4 reforming with carbon 

dioxide capture from syngas has been reported to be between 40 kg/MWh-H2 and 133 

kg/MWh-H2
37.  

 

 

Figure 2. Global warming potential (GWP) of various H2 production 

technologies12,38,54,58–67. SR = steam reforming; CG = coal gasification; WE = water 

electrolysis (splitting); BG = biomass gasification; and Bio = biochemical methods. The 

triangles and error bars denote the average values and standard deviations, respectively.  

 

Up to 60% of the overall CO2 emissions from steam CH4 reforming can be 

sequestered when CO2 is captured from syngas21; although, energy consumption while 
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capturing CO2 could reduce the energy efficiency somewhat68. In comparison, downstream 

carbon capture can help increase fossil fuel consumption by as much as 39%, reduce the 

efficiency by 18%, and increase the minimum H2 selling price by 1.1 USD54.  

The GWP of water electrolysis based H2 production depends on the source of 

electricity and the types of cells. For example, if fossil fuel is burned to produce electricity to 

power a diaphragm cell, membrane cell, or mercury cell electrolysis, then the associated 

GWP values are 0.9090, 0.8872, and 1.0510 kg CO2-eq/kg-H2, respectively61.  Using 

renewable wind or solar based electricity for mercury cell electrolysis decreases the GWP to 

0.032 and 0.37, respectively56. Biomass gasification can potentially serve as a carbon-

negative solution for H2 production, given the atmospheric carbon-capturing nature of plants, 

the co-production of electricity to offset non-renewable grid electricity use, and the use of 

CCS techniques54 that can reduce the GWP by 15–20 kg CO2-eq/kg-H2. However, CCS could 

reduce the biomass gasification thermal efficiency by 4%–6%, which could drive the 

minimum price of H2 up by 11%54. Overall, renewable energy based H2 production has a 

lower GWP than conventional fossil fuel based approaches. Biomass gasification offers one 

of the best solutions for H2 production considering the economics and carbon emissions. 

Including CCS in thermochemical and biochemical H2 production systems can effectively 

reduce the GWP; however, further research is warranted to mitigate the impacts of CCS on 

energy efficiency, and thus, determine economic viability. 

 

7. H2 Production Technologies and Future Prospects 

H2 production technologies with high efficiency, low environmental footprints, and 

low cost are essential for securing an H2 economy. Currently, four major production 

technologies have been developed to varying extents, each with their own pros and cons: (1) 

thermochemical processes; (2) electrolytic processes; (3) photolytic processes, and (4) 

biological processes69–71. 

First, thermochemical processes refer to the release of H2 from fuel resources such 

as coal, natural gas, biomass, and water via thermochemical reactions. Specifically, coal is 

utilized to produce H2 through gasification72, where a clean coal technology, rather than 

combustion, is utilized in a conventional coal-fired power plant. Coal gasification typically 

involves partial oxidation with oxygen (O2) and steam at high temperature and pressure. This 

generates synthesis gas (syngas)—a mixture of carbon monoxide (CO), H2, water vapor, and 
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CO2. Syngas further undergoes a water-gas shift reaction (H2O + CO ↔ H2 + CO2) to 

produce more H2 from CO and steam, followed by high-concentration H2 recovery via gas 

separation processes. Owing to the wide availability of coal and coal-processing 

infrastructure, the cost of generating H2 from coal is the lowest among the currently available 

technologies. Consequently, this technology could facilitate and dominate the transition to an 

H2 economy. However, for large-scale deployment, further advancements are needed, such 

as: (1) robust sulfur-tolerant catalysts for water-gas shift reactions73; (2) better gas separation 

technologies to purify H2 and capture CO2 as well as other impurities74; and (3) processes that 

enable combined water-gas shift reactions and H2 separation process75.  

Natural gas can also be used to produce hydrogen either via steam reforming (CH4 + 

H2O ↔ CO + 3H2), partial oxidation or both in sequence (autothermal reforming), leading to 

a mixture of CO, CO2, and unreacted CH4
76. A further water-gas shift reaction converts CO 

and steam into H2 and CO2. Separation of H2 from this gas mixture produces clean H2. 

Compared with the coal-based process, the use of natural gas (mainly CH4) results in much 

lower CO2 emissions owing to its higher hydrogen-to-carbon ratio. Moreover, the wide 

availability and ease of handling natural gas make it viable for distributed H2 generation (e.g., 

fueling stations) as well as for centralized generation. Technical and scientific challenges that 

require further research before scaled-up applications could be realized (given it is currently 

more expensive than using coal) include developing better gas separation technologies to 

extract O2 from air77 for partial oxidation, and separating H2 from nitrogen (N2).  

Through thermal CH4 decomposition, CH4 is cracked into carbon and H2 at 

temperatures above 700 °C (CH4 ↔ C + 2H2)78. There is zero direct CO2 emission from this 

process, and the carbon produced serves as a valuable co-product that can be used, for 

example, by the rubber industry, which potentially enhances the economics of H2 production 

by such methods. Production of H2 from biomass can be achieved via gasification or 

pyrolysis of biomass followed by steam reforming79. The biomass itself can be obtained from 

dedicated bioenergy crops. The significant land area requirements for cultivating biomass 

feedstocks, and the high price associated with their production, harvest, and transportation, 

render the cost of H2 generated from biomass much higher than that derived from coal or 

natural gas. The additional environmental impacts caused by biomass production are further 

disadvantageous to its use in H2 production. An attractive advantage of biomass lies in the net 

reduction of carbon emissions because the growth of biomass captures atmospheric carbon. 
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This makes co-firing of biomass with coal a promising technology when combined with coal 

gasification for H2 production. Furthermore, the use of agricultural biomass waste, such as 

food crop residues, could be incorporated into H2 production, which limits the environmental 

impacts in using dedicated energy crops80. The efficiency of biomass gasification to produce 

H2 is only 14%–17%; although, metal catalysts, such as platinum (Pt) and rhodium (Rh), can 

increase the efficiency by up to 60%81.  

The second main type of H2 production technology based on electrolytic processes 

produces H2 by splitting water into its separate constituents (i.e., O2 and H2) using 

electricity82. Depending on the source of electricity, this technology can potentially produce 

H2 with zero emissions of greenhouse gases or air pollutants. For example, renewable wind 

and solar energy can be used to generate clean electricity for water electrolysis. Moreover, 

given the variable and intermittent nature of wind and solar energy, a more stable energy 

source could be achieved by incorporating water electrolysis. For example, electrolytic 

technologies may be appropriate for use in service and fueling stations to facilitate the early 

stage of fuel requirement, offering clear advantages for distributed production in an H2 

economy83. Water electrolysis itself is a relatively mature technology that has been exploited 

for decades to meet industrial chemical needs. However, it remains more expensive than the 

steam reforming of natural gas.  

Current electrolysis technologies use either solid oxide electrolyser cells (SOECs) or 

solid polymers with a PEM or liquid electrolyte, most commonly potassium hydroxide. High 

temperature electrolysis has garnered much interest in recent years84. For example, compared 

with low temperature PEM and alkaline electrolysers, high temperature SOECs can produce 

H2 with a higher chemical reaction rate with less electrical energy85. Lower electrode 

overpotentials with less power loss is another advantage of this approach. However, despite 

high temperature SOECs reducing the overall cost of H2 production, this requires additional 

capital expenditure and increased heat energy use. The development of electrolysis fueling 

devices could be improved by developing more efficient systems designed to limit parasitic 

energy losses. For example, this is achievable by using additional electrolyte in substations 

and increasing the cell surface area to reduce the current density, or by developing new 

design concepts, such as the promising electrolysis/oxidation hybrid approach86. Moreover, 

the reducing trend in the cost of electricity generation from wind, nuclear, waste heat, and 

solar energy is helping increase the environmental sustainability of electrolytic processes. 
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Along with reducing the economic cost of H2 production, developing new methods to safely 

and cost-effectively store H2 on a small scale are also essential if electrolytic technologies are 

to be adopted more widely. 

The third technology for producing H2 based on photolytic processes involves using 

light energy to split water into O2 and H2, which is achieved via three processes. (1) 

Photobiological water splitting: this employs photosynthetic microorganisms, such as green 

algae and cyanobacteria, that facilitate the direct oxidative cleavage of the water molecule87. 

H2 production using this approach is in the nascent stages of research, but has great potential 

as a highly efficient and sustainable emerging technology. (2) Photo(electro)catalytic water 

splitting: this uses specialized semiconductors that absorb sunlight energy to separate water 

molecules69,88. This technology is in the early stage of development; however, there is 

considerable ongoing research effort to develop new, durable, and high-efficiency 

photo(electro)catalytic semi conductors89.  (3) High-temperature solar H2 production: here, 

solar radiation is focused on a solar receiver, and a temperature above 1500 °C is achieved. 

The solar heat is utilized to produce H2 via thermochemical water splitting. Although this 

technology has been in existence for decades, it continues to face challenges preventing its 

practical deployment84,90–92. For example, the high thermal flux density and frequent thermal 

transitions caused by fluctuating insolation render it unsuitable for conventional industrial 

thermochemical processes. Interruption by cloud cover and the fact that this approach cannot 

be utilized at night is another important limitation of this technology, meaning that coupling 

this technology with other types of thermochemical water-splitting may be necessary. 

Biohydrogen production has also been proposed as a potential route to sustainable H2 

production involving direct photolysis, dark fermentation, and photo-fermentative processes. 

As per photobiological water splitting, direct photolysis involves photosynthetic reactions 

wherein solar energy is converted into chemical energy by microorganisms such as green 

algae and cyanobacteria93. The reaction pathway is 2H2O + light energy ↔ H2 + O2. In this 

process, water molecules are split into H2 ions and O2 through photosynthesis, and the H2 

ions are converted into H2 gas by hydrogenase enzymes94. The use of water as a primary feed 

resource is the most remarkable advantage of direct photolysis95. However, the O2 generated 

can affect O2 sensitive photosynthetic microorganisms, thus hindering H2 yields96. The 

removal/separation of O2 is therefore important for efficient H2 production. Moreover, safety 

concerns must be considered because H2 and O2 are produced together. Dark-fermentative H2 
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production exploits primarily anaerobic bacteria or algae to convert biomass into H2 under 

dark conditions97,98 at a temperature that could range from room temperature to >80 °C99,100. 

The H2 yield depends on the pH, hydraulic retention time (HRT), and gas partial 

pressure93,101. Biomass feeds should be easily biodegradable, carbohydrate rich, and 

inexpensive. Industrial wastes and wastewater sludges have been suggested as possible feeds 

for dark fermentation; however, this requires pre-treatment and multi-step conversion96. 

Photo-fermentative processes exploit the nitrogenase functionality of photosynthetic non-

sulfur (PNS) bacteria (e.g., Rhodobacter sulfidophilus and Rhodopseudomonas 

palustris)99,102. Here, PNS bacteria convert organic acids, e.g., acetic, lactic, and butyric 

acids, into H2 and CO2 under light irradiation. An advantage is that the reaction does not 

require spontaneous external energy input, in the form of light, as there is a positive free 

energy change103,104. The disadvantages include: (1) the high-energy demand of the 

nitrogenase enzyme; (2) the low efficiency of solar energy conversion; and (3) the limited 

availability of organic acids. Overall, technical and economic challenges hinder the adoption 

of biological H2 production technologies as they remain in the early stage of development for 

industrial application. The major challenge is the sustainable production from different 

substrates. Moreover, the technical problems in production systems, such as process 

inhibition, optimization, and storage are limiting large-scale production, which warrants 

further exploration105. Clarifying the best method for H2 production is challenging, as all have 

their advantages and shortcomings, and as they need to be established as prominent methods 

for providing adequate amounts of H2 for a developing H2 society96.   

 

8. Opportunities for Biochar Technology in H2 Production  

Biochar is a by-product of the thermal decomposition of biomass (e.g., wood waste, 

crop residues, and bio-wastes) in oxygen-limited environments via different pyrolysis 

techniques such as slow pyrolysis, fast pyrolysis, or gasification. Slow pyrolysis and 

gasification provide the highest biochar and syngas yields, respectively. Generally, biochar 

from plant residues contains over 60% carbon, with more than a 1000 years of potential 

residence time in the natural environment, contingent on the production conditions such as 

high temperature. It is the unique and tunable properties of biochar, such as its surface area, 

pore volume, pore size, pH, cation exchange capacity, electrical conductivity, and surface 
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functional groups, as well as its comparatively easy production and low cost, which are 

leading to biochar being exploited across diverse disciplines106.  

Biochar was first used to improve soil quality more than 2000 years ago in the 

Amazon basin. Presently, biochar is principally used for improving soil fertility; however, we 

have also discovered new modern applications for biochar, such as for use in carbon 

sequestration, soil and water remediation, and in building materials. Biochar also presents an 

alternative to high-cost materials for H2 production.  

 

H2 enriched syngas 

H2 is a component of syngas, which can be enhanced by employing biomass 

gasification, with steam as a gasifying agent107. Catalytic activity has been reported to 

increase the H2 content of syngas by 60%–70% vol. in bench-scale fixed bed and pilot-scale 

fluidized bed systems108,109. Nickel-based catalysts reduce the production of tar by cracking 

and reforming, and demonstrate good catalytic activity; moreover, they are associated with 

low operational costs110. The catalytic activity of lanthanum and cerium-based catalysts can 

lead to over 82% H2 production by steam gasification of bio-oil and biochar slurry111. 

Additionally, biochar steam gasification has been reported to produce H2 rich syngas. 

Bagasse biochar and commercial biochar steam gasification at 700 °C with a steam flow rate 

of 1.25 g h-1 g-1 produced 76.2 mol% and 71.1 mol% of H2 in syngas, respectively112. Water-

gas shift reactions at 700–750 °C during steam gasification of biochar maximized H2 

production113. Alumina (Al2O3) can be used as a supporting material for catalysts, mainly due 

to its physicochemical stability and mechanical properties. Additionally, calcium oxide 

(CaO), silicon dioxide (SiO2), magnesium oxide (MgO), ferric oxide (FeO3), and potassium 

oxide (K2O) can also be used as catalyst supports110,114,115. Catalyst supports could possibly 

be replaced in a metal-based catalyst with biochar, which has relatively high stability 

compared to the abovementioned compounds107.  

Having a relatively high surface area and porous structure, biochar has been reported 

as an efficient catalyst in many reactions, including tar cleaning from syngas, conversion of 

syngas to liquid fuels, gas reforming reactions, transesterification reactions, and oil 

extraction106,116–118. Biochar-based metal catalysts have also been successfully applied in H2 

production based on steam reforming of bio-oil. Impregnating lignocellulosic biomass with a 

nickel nitrate (Ni(NO3)2) solution reportedly helps increase H2 yields (57–91%) and decrease 
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tar production (60–70%)119. These observations represent the simultaneous and in situ 

generation of nickel-biochar nanoparticles, which poses significant catalytic activity for H2-

rich syngas production from biomass gasification and tar reforming. Several biochar-Ni 

catalysts have also been produced by impregnating wheat straw, rice husk, and cotton stalk 

biochars with Ni120. Using steam reforming, the highest H2 production rates were obtained 

using a cotton stalk biochar-Ni catalyst (64 vol.% and 92 mg g-1 of biomass)120. The 

interaction between volatiles and biochar has been shown to enhance the reforming of 

volatiles during biomass pyrolysis. Moreover, the highest catalytic activity of cotton stalk 

biochar-Ni resulted from the comparatively high proportion of alkali and alkaline earth 

metals, which enhanced the interactions with volatiles107. It has been suggested that the 

presence of large amounts of alkali and alkaline earth metals is more important than biochar’s 

large surface area for increasing catalytic activity121,122. Moreover, these metals in biochar 

could enhance gasification by adsorption of water121. Hence, a complex biochar matrix, 

comprising multiple inorganic compounds, could further enhance catalytic activity during 

gasification and CH4 reforming. Additionally, co-gasification of methane-biomass with 

catalytic support has led to high H2 production (63–82 vol.%), with significantly low CO (10–

19 vol.%), CO2 (0.8–5 vol.%), and CH4 (0.7–4 vol.%) production123. Biochar based metal 

catalysts are a potentially cheaper alternative to the catalysts traditionally used in co-

gasification. Furthermore, biochar has been applied as a catalyst in coal gasification124 and in 

steam reforming of natural gas125 (Table 1). 

 

Table 1: Biochar applications in H2 production and storage 

Feedstock Biochar 

production 

methods 

Modification Application Performance Reference 

Bagasse Fast 

pyrolysis 

- Biochar steam 

gasification 

In synthesis gas H2was 

71.1-76.2 mol % at 700 ºC 

and steam flow rate of 1.25 

g h-1 g-1  

112 

Wheat straw Fast 

pyrolysis 

at 500 °C  

In situ Ni 

impregnation 

during biomass 

gasification 

Catalyst/support for 

biomass gasification 

H2 yield was 63 vol.%, 41 

mg g−1 biomass 

107 

Cotton stalk Fast 

pyrolysis 

at 500 °C 

In situ Ni 

impregnation 

during biomass 

gasification 

Catalyst/support for 

biomass gasification 

H2 yield was 64 vol.%, 92 

mg g−1 biomass 

107 

Rice husk Fast In situ Ni Catalyst/support for H2 yield was 39 vol.%, 36 107 
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pyrolysis 

at 500 °C 

impregnation 

during biomass 

gasification 

biomass gasification mg g−1 biomass 

Pinewood Pyrolysis 

at 650 °C 

- Two-phase anaerobic 

digestion of food 

waste 

Cultures statured to 

produce H2 at 35 °C after 

12 hr with application of 10 

g-1 biochar and came to 

plateau on day 3, without 

biochar it came to plateau 

on day 7 at 52 °C 

126 

Peanut root 

nodules 

Pyrolysis 

at 600, 

700, 800 

and 900 

°C 

In situ 

modification with 

MgCl2, washed 

with 1 M HCl 

Electrocatalytic 

H2 evolution 

Best performance Peanut 

root nodules 800 °C: onset 

potential −0.027 V, 59.4 

mA/cm2 at −0.2 V vs. 

reversible H2 electrode, 

b=67.8 mV/dec, and better 

than the metal 

electrocatalysts 

127 

Sucrose Pyrolysis 

at 800 °C 

In situ N doping 

(dicyandiamide) 

Electrocatalytic 

H2 evolution 

Onset potential of -0.241 V 127 

Sucrose Pyrolysis 

at 800 °C 

In situ N and S 

doping (thiourea) 

Electrocatalytic 

H2 evolution 

Onset potential of -0.135 V 127 

Sucrose Pyrolysis 

at 800 °C 

In situ S doping 

(S powder) 

Electrocatalytic 

H2 evolution 

Onset potential of -0.041 V 127 

Pine needles Pyrolysis 

at 600 °C 

KOH 

modification at 

700-900 °C 

Electrocatalytic 

H2 evolution 

Onset potential: 4 mV; 

Tafel slope: 

45.9 mV dec-1 

128 

Willow 

catkins 

Pyrolysis 

at 600 °C 

Pyrolysis with 

cobalt(II) 

acetylacetonate at 

700-900 °C 

Electrocatalytic 

H2 evolution 

Overpotential of 0.21 V for 

10 mA cm-2 

129 

Corncob  Pyrolysis 

at 450 °C 

Activated with 

KOH, K2CO3, or 

NaOH at 850 °C 

H2 storage H2 storage capacity: 2.0 

wt% at 77 K; 0.6 wt% at 

298 K 

130 

Wood  Pyrolysis In situ 

modification with 

H3PO4 and after 

pyrolysis 

modification with 

KOH 

H2 storage H2 storage capacity: 0.8 

wt% at 298 K, under 2 MPa 

131 

Coffee beans 

waste 

Pyrolysis 

at 500 °C 

KOH 

modification at 

850 °C 

H2 storage H2 storage capacity: 4.0 

wt% at 77 K; 0.6 wt% at 

298 K 

132 

 

 

H2 enriched biogas 

Anaerobic digestion of biomass solids using biochar is a promising non-polluting and 

renewable process, which has been shown to increase H2 production and generate an H2-

enriched biogas with improved ignition quality. However, its use on a commercial scale 
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requires further optimization to maximize stability, yield, and the avoidance of H2 production 

inhibition133. Biochar use in the anaerobic digestion of organic municipal solid waste was 

found to increase biofilm formation and colonization by Enterobacter aerogenes and 

Escherichia coli, which was associated with enhanced H2 production134. Furthermore, biochar 

provided growth surfaces for H2 producing bacteria in the two-phase anaerobic digestion of 

food waste. This led to the production of H2 and CH4 in the first and second phases, 

respectively, and H2-enriched biogas126. Biochar application shortened the lag time and 

increased fermentative H2 production by buffering the pH drop. Biochar produced at a high 

pyrolysis treatment temperature with characteristic high alkalinity, surface area, and ash 

content facilitated the greatest improvement in fermentative H2 production135. Biochar also 

inhibited ammonia emissions via retaining and promoted biofilm formation to increase H2 

production136. Moreover, abundant redox active moieties (e.g., quinones and phenazines) on 

the biochar surface facilitated an increase in the interspecies electron transfer during 

anaerobic digestion, which revealed a significant role in H2 production137.  

 

Water splitting  

Biochar can be used as an electrode material138 and electrocatalyst139 for water 

splitting by electrocatalytic methods (Figure 3). Electrocatalysts reduce the overpotential and 

high catalytic current densities in an H2 evolution reaction (HER). High performance 

electrocatalysts for an HER could be created by doping catalytically active elements such as 

nitrogen and sulfur in biochar127. For instance, biochar produced from Camellia japonica 

flowers, which was rich in S, was proved to be a catalyst for water splitting due to its 

enhanced electron-transfer ability and long-term durability. Furthermore, the biochar-based 

electrodes were highly stable, and performed both in an HER and O2 evaluation reaction 

(OER) at 10 mA cm−2 with overpotentials of 154 and 362 mV, respectively. Additionally, an 

Ni form loaded with biochar-based nanocomposite derived from watermelon peels and CoCl2 

at 700 °C revealed high activity for both the HER and OER in a 1 M KOH solution. The 

water-splitting voltage of biochar-based electrodes was lower (i.e., 1.54 V) than the 

commercial electrode of RuO2//Pt/C (i.e., 1.62 V). henceforth, biochar-based electrodes holds 

good efficiency of electrocatalytic H2 production 140. However, these technologies remain in 

their infancy, and further research is warranted to improve the H2 production efficiency. 
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Other emerging research has shown that biochar can also be used as a substrate for algae in 

H2 production based on photobiological water splitting.  
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Figure 3: Biochar system in an H2 Society108,109,120,124,125,133,138,139,141–145 

 

H2 storage 
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Considering the urgency of the research, biochar has been among the materials 

explored for H2 storage in porous materials 146. H2 can be stored as a gas or a liquid; however, 

this requires pressures of approximately 350–700 bar and cryogenic temperatures. Such an 

approach has safety issues with the added drawback of energy losses and low volumetric 

energy capacity143,147. Hence, several solid materials have been investigated for surface H2 

storage including metal-organic frameworks148, covalent organic frameworks149, zeolite150, 

carbon materials146, and zeolite-like carbon materials151. Porous carbon materials have been 

evaluated for H2 storage because of their special features as compared to other materials: they 

have a tunable high porosity, a high surface-to-volume ratio, an ease of processibility, 

thermal and chemical stability, and are ultra-light weight and abundant 143,152. Furthermore, 

the porosity and surface area of biochar is tunable by simple modification methods such as 

steam activation, acid and base activation, and ball milling, as these effectively release the 

volatile matter filled in porous structures of carbonaceous materials 153–155. Chemisorption via 

strong C-H chemical bonds and physisorption via weak London dispersion forces could be 

involved in H2 storage by carbon materials. In contrast to physisorption, the chemisorption of 

H2 requires large amounts of energy to detach the H bonds (1.5 eV)143. The ability to apply 

such storage solutions at low pressure, their relatively low material costs, and the simple 

storage systems involved have been identified as key advantages156. Chemical (e.g., 

potassium hydroxide (KOH), zinc chloride (ZnCl2)) or steam activated biochar has been 

identified as a promising material to store H2 via physisorption144. The micropores in biochar 

contribute a significant H2 adsorption capacity by capillary forces137. For example, KOH-

activated corncob biochar, which has a high density of micropores, showed a substantially 

high H2 adsorption capacity of >2.85 wt% at 1.0 bar and -196 °C157. Previous studies have 

reported a high H2 adsorption capacity of materials with micropores of size 0.65–1.5 nm144. 

The H2 storage in biochar-derived carbon materials could be further increased by loading 

their surfaces with platinum, palladium, nickel, and other transition metals158. For example, a 

two-fold increase in H2 adsorption (1.6 wt%) was observed for KOH-activated and nickel-

loaded biochar than for KOH-activated biochar due to the H2 spillover mechanism159. Doping 

with the above transition metals increases H2 adsorption by biochar at room temperature (25 

°C). Furthermore, enhanced H2 adsorption has been reported on the surfaces of graphene-

based materials due to efficient H2 binding to heteroatoms of alkaline metals, boron, 

aluminum, silicon, and nitrogen158. Hence, there is substantial potential to modify biochar-
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based carbon materials with these elements to enhance the H2 storage capacity. The abundant 

surface moieties, and alkali and alkali earth elements in biochar provide additional support to 

adsorb H2 by chemisorption. For instance, K and Na in biochar, could act as alkaline centers 

to bind H2
137. Given these opportunities, an improved understanding of biochar 

nanostructures should be rigorously pursued to facilitate the production of carbon materials 

with high H2-storage capacities160 (cf. Table 1). 

 

Biochar adsorbent for CO2 capture in H2 production  

Additionally, biochar could be developed as an effective adsorbent to reduce CO2 

emissions in H2 production by coal gasification and natural gas reforming161. The tunable 

microporous nature and surface area of biochar shows high efficacy in capturing CO2 by 

physisorption145,162. KOH can be used as a chemical activating agent to increase the 

microporosity and surface area of biochar, which could lead to a significantly higher CO2 

adsorption capacity163. Moreover, high proportions of fixed carbon in biochar are associated 

with inter-particle force between biochar surfaces and CO2. Consequently, biochars produced 

at high pyrolysis treatment temperatures are more effective for CO2 capture163,164. The 

presence of heteroatoms such as nitrogen and sulfur can significantly improve biochar’s CO2 

adsorption capacity165,166. For example, biochar physically modified by low frequency 

ultrasound or chemically modified with amines will display an increased adsorption capacity 

for CO2, as ultrasound enhances the micro porosity and amine addition increases the 

abundance of N containing functional groups141. Please see Dssanayake et al.167 for detailed 

information.  

 

9. Future Prospects for an H2 Society 

In response to the 2015 Paris Agreement, governments are considering ways to 

stimulate a low carbon economy. The concept of an H2 Society is a promising proposal for 

achieving carbon-neutral development at a global level. An H2 Society aims to construct a 

world that utilizes H2 technology in daily life, in as many sectors as possible. Japan is 

currently the leader in progressing towards this vision.  

Despite the encouraging prospects for the future of H2 as an energy source, several 

major challenges must be overcome in the development of an H2 Society. One of the most 

challenging issues is high production costs, which hinders H2 from becoming a widespread 
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energy carrier in the near future; it must prove cost-competitive to replace existing systems 

with H2-based alternatives. The incentive for the transition to H2 technology is currently low, 

as doing so increases the costs of both production and consumption. Governments could seek 

ways to promote the development and deployment of H2 technology through economic 

incentives. Technologies devoted to improving the duration and substantially reducing costs 

will be advantageous. From a management perspective, the challenge of coordinating across 

various departmental offices is significant, as financial budgets allocated to other energy 

technologies must be transferred to establish new infrastructure. One of the great challenges 

is the reluctance of investors to invest hundreds of billion dollars on infrastructure 

development before society is ready to rely on H2. For instance, the investment on new 

nationwide infrastructure to provide access to H2 for fuel cell vehicles could not be resolved 

until millions of H2 vehicles were on the road. Simultaneously, vehicle manufacturers are 

reluctant to mass produce fuel cell vehicles until nationwide infrastructure is sufficient to 

persuade customers168. An integrative system must be initiated to support informed decision-

making to deliver on an H2 Society.  

A further issue concerns the system long-time payback. Safety is a major concern 

when new technology is applied on a larger scale. Therefore, safe and secure infrastructure to 

provide H2 both in centralized and decentralized stations must underpin progress towards an 

H2 Society. Additionally, gaseous by-products from H2 production, such as CO2, have to be 

captured and stored wherever possible. Currently, over 95% of H2 production relies on fossil 

fuels. Efforts to employ H2 as a means of emissions reduction will be offset by emissions 

from H2 production if no reliable capture and storage technology is available.  

Public concern is a final hurdle. As the central players in a future H2 society, the 

public will have the final say in its success or failure. The rate of cost escalation depends on 

public acceptance; furthermore, public resistance could raise costs by several orders of 

magnitude. Appropriate information disclosure and dissemination will be important aspects 

for policy making. Overall, the requirement of a technological and institutional setting is 

demanding. Cooperation between industry, energy suppliers, consumers, and governments is 

critical for the creation of an H2 Society. If all these issues can be addressed, it is very likely 

that such a transition will occur over decades.  

A possible pivotal breakthrough is biochar, as discussed above and shown in Figure 

3. Biochar could potentially mitigate climate change besides having additional, profitable 
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benefits169,170 in an H2 Society. As an economically feasible and environmentally sustainable 

material, biochar technology has been proven to enhance H2 production119,134 as well as 

mitigate ammonia emissions136. The cost of H2 production is expected to fall with the 

improved production efficiency of various biochar applications165; moreover, production 

emissions could be adsorbed using biochar technology141. Therefore, biochar is considered a 

“green carbon” that could minimize environmental impacts and aid a smooth transition to an 

H2 economy171.  

What remains are the institutional and political barriers that hamper the development 

of H2 infrastructure. Policymakers must provide institutional support to facilitate the 

technological transition; energy policy and regulations, business practices, and codes and 

standards are critical elements that must be further developed and adapted for H2 energy. 

Establishing communication channels between H2 supply chain industries and various 

stakeholders is essential; furthermore, governments must support innovations, act to remove 

market barriers, and enforce compliance with codes of practice. 
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36. Töpler, J. & Lehmann, J. Hydrogen and fuel cell : technologies and market 

perspectives. 

37. Keipi, T., Tolvanen, H. & Konttinen, J. Economic analysis of hydrogen production by 

methane thermal decomposition: Comparison to competing technologies. Energy 

Convers. Manag. 159, 264–273 (2018). 

38. Djomo, S. N. & Blumberga, D. Comparative life cycle assessment of three 

biohydrogen pathways. Bioresour. Technol. 102, 2684–2694 (2011). 

39. Lee, B. et al. Economic evaluation with uncertainty analysis using a Monte-Carlo 

simulation method for hydrogen production from high pressure PEM water electrolysis 

in Korea. Int. J. Hydrogen Energy 42, 24612–24619 (2017). 

40. Ljunggren, M., Wallberg, O. & Zacchi, G. Techno-economic comparison of a 

biological hydrogen process and a 2nd generation ethanol process using barley straw 

as feedstock. Bioresour. Technol. 102, 9524–9531 (2011). 

41. Urbaniec, K. & Grabarczyk, R. Hydrogen production from sugar beet molasses – a 

techno-economic study. J. Clean. Prod. 65, 324–329 (2014). 

42. Mueller-Langer, F., Tzimas, E., Kaltschmitt, M. & Peteves, S. Techno-economic 

assessment of hydrogen production processes for the hydrogen economy for the short 

and medium term. Int. J. Hydrogen Energy 32, 3797–3810 (2007). 

43. Abuşoğlu, A., Demir, S. & Özahi, E. Energy and economic analyses of models 



32 

 

developed for sustainable hydrogen production from biogas-based electricity and 

sewage sludge. Int. J. Hydrogen Energy 41, 13426–13435 (2016). 

44. Galera, S. & Gutiérrez Ortiz, F. J. Techno-economic assessment of hydrogen and 

power production from supercritical water reforming of glycerol. Fuel 144, 307–316 

(2015). 

45. Lee, B. et al. Economic feasibility studies of high pressure PEM water electrolysis for 

distributed H2 refueling stations. Energy Convers. Manag. 162, 139–144 (2018). 

46. Lee, B. et al. Economic evaluation with sensitivity and profitability analysis for 

hydrogen production from water electrolysis in Korea. Int. J. Hydrogen Energy 42, 

6462–6471 (2017). 

47. Mondal, K. C. & Ramesh Chandran, S. Evaluation of the economic impact of 

hydrogen production by methane decomposition with steam reforming of methane 

process. Int. J. Hydrogen Energy 39, 9670–9674 (2014). 

48. Lee, D.-H. Cost-benefit analysis, LCOE and evaluation of financial feasibility of full 

commercialization of biohydrogen. Int. J. Hydrogen Energy 41, 4347–4357 (2016). 

49. Kale, C. Techno-economical evaluation of a hydrogen refuelling station powered by 

Wind-PV hybrid power system: A case study for _ Izmir-C ¸ es ‚ me. Int. J. Hydrogen 

Energy 43, 10615–10625 (2018). 

50. Parkinson, B., Matthews, J. W., McConnaughy, T. B., Upham, D. C. & McFarland, E. 

W. Techno-Economic Analysis of Methane Pyrolysis in Molten Metals: Decarbonizing 

Natural Gas. Chem. Eng. Technol. 40, 1022–1030 (2017). 

51. Li, Y., Chen, D. W., Liu, M. & Wang, R. Z. Life cycle cost and sensitivity analysis of 

a hydrogen system using low-price electricity in China. Int. J. Hydrogen Energy 42, 

1899–1911 (2017). 

52. Mansilla, C., Louyrette, J., Albou, S., Bourasseau, C. & Dautremont, S. Economic 

competitiveness of off-peak hydrogen production today – A European comparison. 

Energy 55, 996–1001 (2013). 

53. Naterer, G. F., Fowler, M., Cotton, J. & Gabriel, K. Synergistic roles of off-peak 

electrolysis and thermochemical production of hydrogen from nuclear energy in 

Canada. Int. J. Hydrogen Energy 33, 6849–6857 (2008). 

54. Salkuyeh, Y. K., Saville, B. A. & MacLean, H. L. Techno-economic analysis and life 

cycle assessment of hydrogen production from different biomass gasification 



33 

 

processes. Int. J. Hydrogen Energy 43, 9514–9528 (2018). 

55. Bičáková, O. & Straka, P. Production of hydrogen from renewable resources and its 

effectiveness. Int. J. Hydrogen Energy 37, 11563–11578 (2012). 

56. Baykara, S. Z. Hydrogen: A brief overview on its sources, production and 

environmental impact. Int. J. Hydrogen Energy 43, 10605–10614 (2018). 

57. Weger, L., Abánades, A. & Butler, T. Methane cracking as a bridge technology to the 

hydrogen economy. Int. J. Hydrogen Energy 42, 720–731 (2017). 

58. Heng, L., Xiao, R. & Zhang, H. Life cycle assessment of hydrogen production via 

iron-based chemical-looping process using non-aqueous phase bio-oil as fuel. Int. J. 

Greenh. Gas Control 76, 78–84 (2018). 

59. Verma, A. & Kumar, A. Life cycle assessment of hydrogen production from 

underground coal gasification. Appl. Energy 147, 556–568 (2015). 

60. Burmistrz, P., Chmielniak, T., Czepirski, L. & Gazda-Grzywacz, M. Carbon footprint 

of the hydrogen production process utilizing subbituminous coal and lignite 

gasification. J. Clean. Prod. 139, 858–865 (2016). 

61. Suleman, F., Dincer, I. & Agelin-Chaab, M. Environmental impact assessment and 

comparison of some hydrogen production options. Int. J. Hydrogen Energy 40, 6976–

6987 (2015). 

62. Hajjaji, N., Martinez, S., Trably, E., Steyer, J.-P. & Helias, A. Life cycle assessment of 

hydrogen production from biogas reforming. Int. J. Hydrogen Energy 41, 6064–6075 

(2016). 

63. Susmozas, A., Iribarren, D. & Dufour, J. Life-cycle performance of indirect biomass 

gasification as a green alternative to steam methane reforming for hydrogen 

production. Int. J. Hydrogen Energy 38, 9961–9972 (2013). 

64. Cetinkaya, E., Dincer, I. & Naterer, G. F. Life cycle assessment of various hydrogen 

production methods. Int. J. Hydrogen Energy 37, 2071–2080 (2012). 

65. Djomo, S. N., Humbert, S. & Dagnija Blumberga. Life cycle assessment of hydrogen 

produced from potato steam peels. Int. J. Hydrogen Energy 33, 3067–3072 (2008). 

66. Wulf, C. & Kaltschmitt, M. Life cycle assessment of biohydrogen production as a 

transportation fuel in Germany. Bioresour. Technol. 150, 466–475 (2013). 

67. Utgikar, V. & Thiesen, T. Life cycle assessment of high temperature electrolysis for 

hydrogen production via nuclear energy. Int. J. Hydrogen Energy 31, 939–944 (2006). 



34 

 

68. Tzanetis, K. F., Martavaltzi, C. S. & Lemonidou, A. A. Comparative exergy analysis 

of sorption enhanced and conventional methane steam reforming. Int. J. Hydrogen 

Energy 37, 16308–16320 (2012). 

69. Landman, A. et al. Photoelectrochemical water splitting in separate oxygen and 

hydrogen cells. Nat. Mater. 16, 646–651 (2017). 

70. Cha, H. G. & Choi, K.-S. Combined biomass valorization and hydrogen production in 

a photoelectrochemical cell. Nat. Chem. 7, 328–333 (2015). 

71. Cui, X. et al. Room-temperature electrochemical water–gas shift reaction for high 

purity hydrogen production. Nat. Commun. 10, 86 (2019). 

72. Gnanapragasam, N. V., Reddy, B. V. & Rosen, M. A. Hydrogen production from coal 

gasification for effective downstream CO2 capture. Int. J. Hydrogen Energy 35, 4933–

4943 (2010). 

73. Valsamakis, I. & Flytzani-Stephanopoulos, M. Sulfur-tolerant lanthanide oxysulfide 

catalysts for the high-temperature water–gas shift reaction. Appl. Catal. B Environ. 

106, 255–263 (2011). 

74. Cacho-Bailo, F. et al. On the molecular mechanisms for the H 2 /CO 2 separation 

performance of zeolite imidazolate framework two-layered membranes. Chem. Sci. 8, 

325–333 (2017). 

75. Lee, S. H. et al. Development of pilot WGS/multi-layer membrane for CO2 capture. 

Chem. Eng. J. 207–208, 521–525 (2012). 

76. Lavoie, J.-M. Review on dry reforming of methane, a potentially more 

environmentally-friendly approach to the increasing natural gas exploitation. Front. 

Chem. 2, 81 (2014). 

77. Smith, A. . & Klosek, J. A review of air separation technologies and their integration 

with energy conversion processes. Fuel Process. Technol. 70, 115–134 (2001). 

78. Ibrahim, A. A., Fakeeha, A. H., Al-Fatesh, A. S., Abasaeed, A. E. & Khan, W. U. 

Methane decomposition over iron catalyst for hydrogen production. Int. J. Hydrogen 

Energy 40, 7593–7600 (2015). 

79. Chen, G., Yao, J., Liu, J., Yan, B. & Shan, R. Biomass to hydrogen-rich syngas via 

catalytic steam reforming of bio-oil. Renew. Energy 91, 315–322 (2016). 

80. Rozas, R. et al. Catalytic gasification of pine-sawdust: Effect of primary and 

secondary catalysts. J. Energy Inst. (2019) doi:10.1016/J.JOEI.2019.01.002. 



35 

 

81. Czernik, S., Evans, R. & French, R. Hydrogen from biomass-production by steam 

reforming of biomass pyrolysis oil. Catal. Today 129, 265–268 (2007). 

82. H. Hashemi, S. M., Modestino, M. A. & Psaltis, D. A membrane-less electrolyzer for 

hydrogen production across the pH scale. Energy Environ. Sci. 8, 2003–2009 (2015). 

83. John Staser,  by A., Weidner, J. W. & Professor Ralph, M. E. ELECTROCHEMICAL 

GENERATION OF HYDROGEN VIA THE HYBRID SULFUR PROCESS. (2009). 

84. Laguna-Bercero, M. A. Recent advances in high temperature electrolysis using solid 

oxide fuel cells: A review. Journal of Power Sources vol. 203 4–16 (2012). 

85. Ni, M., Leung, M. K. H. & Leung, D. Y. C. Technological development of hydrogen 

production by solid oxide electrolyzer cell (SOEC). International Journal of Hydrogen 

Energy vol. 33 2337–2354 (2008). 

86. Kim, J. et al. Hybrid-solid oxide electrolysis cell: A new strategy for efficient 

hydrogen production. Nano Energy 44, 121–126 (2018). 

87. Sadler, N. C. et al. Dinitrogenase-Driven Photobiological Hydrogen Production 

Combats Oxidative Stress in Cyanothece sp. Strain ATCC 51142. Appl. Environ. 

Microbiol. 82, 7227–7235 (2016). 

88. Jacobsson, T. J. Photoelectrochemical water splitting: an idea heading towards 

obsolescence? Energy Environ. Sci. 11, 1977–1979 (2018). 

89. Fountaine, K. T., Lewerenz, H. J. & Atwater, H. A. Efficiency limits for 

photoelectrochemical water-splitting. Nat. Commun. 7, 13706 (2016). 

90. Xiao, L., Wu, S. Y. & Li, Y. R. Advances in solar hydrogen production via two-step 

water-splitting thermochemical cycles based on metal redox reactions. Renewable 

Energy vol. 41 1–12 (2012). 

91. Graf, D., Monnerie, N., Roeb, M., Schmitz, M. & Sattler, C. Economic comparison of 

solar hydrogen generation by means of thermochemical cycles and electrolysis. Int. J. 

Hydrogen Energy 33, 4511–4519 (2008). 

92. Joshi, A. S., Dincer, I. & Reddy, B. V. Exergetic assessment of solar hydrogen 

production methods. Int. J. Hydrogen Energy 35, 4901–4908 (2010). 

93. Chaubey, R., Sahu, S., James, O. O. & Maity, S. A review on development of 

industrial processes and emerging techniques for production of hydrogen from 

renewable and sustainable sources. Renewable and Sustainable Energy Reviews vol. 

23 443–462 (2013). 



36 

 

94. McKinlay, J. B. & Harwood, C. S. Photobiological production of hydrogen gas as a 

biofuel. Current Opinion in Biotechnology vol. 21 244–251 (2010). 

95. Torzillo, G., Scoma, A., Faraloni, C. & Giannelli, L. Advances in the biotechnology of 

hydrogen production with the microalga Chlamydomonas reinhardtii. Crit. Rev. 

Biotechnol. 35, 485–496 (2015). 

96. Holladay, J. D., Hu, J., King, D. L. & Wang, Y. An overview of hydrogen production 

technologies. Catalysis Today vol. 139 244–260 (2009). 

97. Gómez, X., Morán, A., Cuetos, M. J. & Sánchez, M. E. The production of hydrogen by 

dark fermentation of municipal solid wastes and slaughterhouse waste: A two-phase 

process. J. Power Sources 157, 727–732 (2006). 

98. Guo, X. M., Trably, E., Latrille, E., Carrre, H. & Steyer, J. P. Hydrogen production 

from agricultural waste by dark fermentation: A review. Int. J. Hydrogen Energy 35, 

10660–10673 (2010). 

99. Argun, H. & Kargi, F. Bio-hydrogen production by different operational modes of dark 

and photo-fermentation: An overview. International Journal of Hydrogen Energy vol. 

36 7443–7459 (2011). 

100. Levin, D. B., Pitt, L. & Love, M. Biohydrogen production: Prospects and limitations to 

practical application. Int. J. Hydrogen Energy 29, 173–185 (2004). 

101. Kapdan, I. K. & Kargi, F. Bio-hydrogen production from waste materials. Enzyme and 

Microbial Technology vol. 38 569–582 (2006). 

102. Basak, N. & Das, D. The prospect of purple non-sulfur (PNS) photosynthetic bacteria 

for hydrogen production: The present state of the art. World J. Microbiol. Biotechnol. 

23, 31–42 (2007). 

103. Chen, C. Y., Yeh, K. L., Lo, Y. C., Wang, H. M. & Chang, J. S. Engineering strategies 

for the enhanced photo-H2 production using effluents of dark fermentation processes 

as substrate. Int. J. Hydrogen Energy 35, 13356–13364 (2010). 

104. Argun, H. & Kargi, F. Photo-fermentative hydrogen gas production from dark 

fermentation effluent of ground wheat solution: Effects of light source and light 

intensity. Int. J. Hydrogen Energy 35, 1595–1603 (2010). 

105. Khan, M. A. et al. Biohydrogen production from anaerobic digestion and its potential 

as renewable energy. Renew. Energy 129, 754–768 (2018). 

106. Igalavithana, A. D. et al. Advances and future directions of biochar characterization 



37 

 

methods and applications. Crit. Rev. Environ. Sci. Technol. 47, 2275–2330 (2017). 

107. Yao, D. et al. Hydrogen production from biomass gasification using biochar as a 

catalyst/support. Bioresour. Technol. 216, 159–164 (2016). 

108. Liu, S. et al. Hydrogen production via catalytic pyrolysis of biomass in a two-stage 

fixed bed reactor system. Int. J. Hydrogen Energy 39, 13128–13135 (2014). 

109. Fremaux, S., Beheshti, S.-M., Ghassemi, H. & Shahsavan-Markadeh, R. An 

experimental study on hydrogen-rich gas production via steam gasification of biomass 

in a research-scale fluidized bed. Energy Convers. Manag. 91, 427–432 (2015). 

110. Chan, F. L. & Tanksale, A. Review of recent developments in Ni-based catalysts for 

biomass gasification. Renew. Sustain. Energy Rev. 38, 428–438 (2014). 

111. Chen, G., Yao, J., Liu, J., Yan, B. & Shan, R. Biomass to hydrogen-rich syngas via 

catalytic steam gasification of bio-oil/biochar slurry. Bioresour. Technol. 198, 108–

114 (2015). 

112. Chaudhari, S. T., Dalai, A. K. & Bakhshi, N. N. Production of Hydrogen and/or 

Syngas (H 2 + CO) via Steam Gasification of Biomass-Derived Chars. (2003) 

doi:10.1021/ef030017d. 

113. Sattar, A., Leeke, G. A., Hornung, A. & Wood, J. Steam gasification of rapeseed, 

wood, sewage sludge and miscanthus biochars for the production of a hydrogen-rich 

syngas. Biomass and Bioenergy 69, 276–286 (2014). 

114. Pfeifer, C. & Hofbauer, H. Development of catalytic tar decomposition downstream 

from a dual fluidized bed biomass steam gasifier. Powder Technol. 180, 9–16 (2008). 

115. Shen, Y. & Yoshikawa, K. Recent progresses in catalytic tar elimination during 

biomass gasification or pyrolysis—A review. Renew. Sustain. Energy Rev. 21, 371–

392 (2013). 

116. Wang, S., Shan, R., Wang, Y., Lu, L. & Yuan, H. Synthesis of calcium materials in 

biochar matrix as a highly stable catalyst for biodiesel production. Renew. Energy 130, 

41–49 (2019). 

117. Li, L. et al. Fe-rich biomass derived char for microwave-assisted methane reforming 

with carbon dioxide. Sci. Total Environ. 657, 1357–1367 (2019). 

118. Ido, A. L., de Luna, M. D. G., Ong, D. C. & Capareda, S. C. Upgrading of 

Scenedesmus obliquus oil to high-quality liquid-phase biofuel by nickel-impregnated 

biochar catalyst. J. Clean. Prod. 209, 1052–1060 (2019). 



38 

 

119. Richardson, Y., Blin, J., Volle, G., Motuzas, J. & Julbe, A. In situ generation of Ni 

metal nanoparticles as catalyst for H2-rich syngas production from biomass 

gasification. Appl. Catal. A Gen. 382, 220–230 (2010). 

120. Chen, J., Wang, M., Wang, S. & Li, X. Hydrogen production via steam reforming of 

acetic acid over biochar-supported nickel catalysts. Int. J. Hydrogen Energy 43, 

18160–18168 (2018). 

121. Zhang, S., Chen, Z., Cai, Q. & Ding, D. The integrated process for hydrogen 

production from biomass: Study on the catalytic conversion behavior of pyrolytic 

vapor in gas–solid simultaneous gasification process. Int. J. Hydrogen Energy 41, 

6653–6661 (2016). 

122. Xiao, X. et al. Synthesis gas production from catalytic gasification of waste biomass 

using nickel-loaded brown coal char. Fuel 103, 135–140 (2013). 

123. Lalsare, A. et al. Hydrogen-Rich Syngas Production through Synergistic Methane-

Activated Catalytic Biomass Gasification. (2019) 

doi:10.1021/acssuschemeng.9b02663. 

124. Domenico, M. D., Amorim, S. M., Collazzo, G. C., José, H. J. & Moreira, R. F. P. M. 

Coal gasification in the presence of lithium orthosilicate. Part 1: Reaction kinetics. 

Chem. Eng. Res. Des. 141, 529–539 (2019). 

125. Ngo, S. I., Lim, Y.-I., Kim, W., Seo, D. J. & Yoon, W. L. Computational fluid 

dynamics and experimental validation of a compact steam methane reformer for 

hydrogen production from natural gas. Appl. Energy 236, 340–353 (2019). 

126. Sunyoto, N. M. S., Zhu, M., Zhang, Z. & Zhang, D. Effect of biochar addition and 

temperature on hydrogen production from the first phase of two-phase anaerobic 

digestion of carbohydrates food waste. J. Energy Resour. Technol. Trans. ASME 140, 

(2018). 

127. Zhou, Y. et al. Sulfur and nitrogen self-doped carbon nanosheets derived from peanut 

root nodules as high-efficiency non-metal electrocatalyst for hydrogen evolution 

reaction. Nano Energy 16, 357–366 (2015). 

128. Zhu, G. et al. Pine needle-derived microporous nitrogen-doped carbon frameworks 

exhibit high performances in electrocatalytic hydrogen evolution reaction and 

supercapacitors. Nanoscale 9, 1237–1243 (2017). 

129. Wang, B. et al. Biomass willow catkin-derived Co3O4/N-doped hollow hierarchical 



39 

 

porous carbon microtubes as an effective tri-functional electrocatalyst. J. Mater. Chem. 

A 5, 20170–20179 (2017). 

130. Sun, Y. & Webley, P. A. Preparation of activated carbons from corncob with large 

specific surface area by a variety of chemical activators and their application in gas 

storage. Chem. Eng. J. 162, 883–892 (2010). 

131. Bhat, V. V., Contescu, C. I., Gallego, N. C. & Baker, F. S. Atypical hydrogen uptake 

on chemically-activated, ultramicroporous carbon. Carbon N. Y. 48, 1331–1340 

(2010). 

132. Akasaka, H. et al. Hydrogen storage ability of porous carbon material fabricated from 

coffee bean wastes. Int. J. Hydrogen Energy 36, 580–585 (2011). 

133. Ward, A. J., Hobbs, P. J., Holliman, P. J. & Jones, D. L. Optimisation of the anaerobic 

digestion of agricultural resources. Bioresour. Technol. 99, 7928–7940 (2008). 

134. Sharma, P. & Melkania, U. Biochar-enhanced hydrogen production from organic 

fraction of municipal solid waste using co-culture of Enterobacter aerogenes and E. 

coli. Int. J. Hydrogen Energy 42, 18865–18874 (2017). 

135. Wang, G. et al. Impacts of different biochar types on hydrogen production promotion 

during fermentative co-digestion of food wastes and dewatered sewage sludge. Waste 

Manag. 80, 73–80 (2018). 

136. Hestrin, R. et al. Fire-derived organic matter retains ammonia through covalent bond 

formation. Nat. Commun. 10, 664 (2019). 

137. Liu, W. J., Jiang, H. & Yu, H. Q. Emerging applications of biochar-based materials for 

energy storage and conversion. Energy and Environmental Science vol. 12 1751–1779 

(2019). 

138. Genovese, M. & Lian, K. Polyoxometalate modified pine cone biochar carbon for 

supercapacitor electrodes. J. Mater. Chem. A 5, 3939–3947 (2017). 

139. Mian, M. M. & Liu, G. Recent progress in biochar-supported photocatalysts: synthesis, 

role of biochar, and applications. RSC Adv. 8, 14237–14248 (2018). 

140. Yang, Z. et al. Biochar Nanocomposite Derived from Watermelon Peels for 

Electrocatalytic Hydrogen Production. ACS Omega 6, 2066–2073 (2021). 

141. Chatterjee, R. et al. Low Frequency Ultrasound Enhanced Dual Amination of Biochar: 

A Nitrogen-Enriched Sorbent for CO 2 Capture. Energy & Fuels 

acs.energyfuels.8b03583 (2019) doi:10.1021/acs.energyfuels.8b03583. 



40 

 

142. Behling, N., Williams, M. C. & Managi, S. Fuel cells and the hydrogen revolution: 

Analysis of a strategic plan in Japan. Econ. Anal. Policy 48, 204–221 (2015). 

143. Gas Convertor and Storage. Interface Sci. Technol. 27, 387–437 (2019). 

144. Qian, K., Kumar, A., Zhang, H., Bellmer, D. & Huhnke, R. Recent advances in 

utilization of biochar. Renew. Sustain. Energy Rev. 42, 1055–1064 (2015). 

145. Li, M. & Xiao, R. Preparation of a dual Pore Structure Activated Carbon from Rice 

Husk Char as an Adsorbent for CO2 Capture. Fuel Process. Technol. 186, 35–39 

(2019). 

146. Sevilla, M. & Mokaya, R. Energy storage applications of activated carbons: 

supercapacitors and hydrogen storage. Energy Environ. Sci. 7, 1250–1280 (2014). 

147. Alazemi, J. & Andrews, J. Automotive hydrogen fuelling stations: An international 

review. Renew. Sustain. Energy Rev. 48, 483–499 (2015). 

148. Kapelewski, M. T. et al. M 2 ( m -dobdc) (M = Mg, Mn, Fe, Co, Ni) Metal–Organic 

Frameworks Exhibiting Increased Charge Density and Enhanced H 2 Binding at the 

Open Metal Sites. J. Am. Chem. Soc. 136, 12119–12129 (2014). 

149. Feng, X., Ding, X. & Jiang, D. Covalent organic frameworks. Chem. Soc. Rev. 41, 

6010 (2012). 

150. Dong, J., Wang, X., Xu, H., Zhao, Q. & Li, J. Hydrogen storage in several 

microporous zeolites. Int. J. Hydrogen Energy 32, 4998–5004 (2007). 

151. Zhuxian Yang, Yongde Xia & Mokaya, R. Enhanced Hydrogen Storage Capacity of 

High Surface Area Zeolite-like Carbon Materials. (2007) doi:10.1021/JA067149G. 

152. Chen, Z., Kirlikovali, K. O., Idrees, K. B., Wasson, M. C. & Farha, O. K. Porous 

materials for hydrogen storage. Chem 8, 693–716 (2022). 

153. Rajapaksha, A. U. et al. Engineered/designer biochar for contaminant 

removal/immobilization from soil and water: Potential and implication of biochar 

modification. Chemosphere 148, 276–291 (2016). 

154. Zhong, Y. et al. Effects of aging and weathering on immobilization of trace 

metals/metalloids in soils amended with biochar. Environ. Sci. Process. Impacts 22, 

1790–1808 (2020). 

155. Lyu, H. et al. Effects of ball milling on the physicochemical and sorptive properties of 

biochar: Experimental observations and governing mechanisms. Environ. Pollut. 233, 

54–63 (2018). 



41 

 

156. Züttel, A. Materials for hydrogen storage. Mater. Today 6, 24–33 (2003). 

157. Zhang, C. et al. Microstructure regulation of super activated carbon from biomass 

source corncob with enhanced hydrogen uptake. Int. J. Hydrogen Energy 38, 9243–

9250 (2013). 

158. Wang, H. et al. Graphene-based materials: Fabrication, characterization and 

application for the decontamination of wastewater and wastegas and hydrogen 

storage/generation. Adv. Colloid Interface Sci. 195–196, 19–40 (2013). 

159. Figueroa-Torres, M. Z., Domínguez-Ríos, C., Cabañas-Moreno, J. G., Vega-Becerra, 

O. & Aguilar-Elguézabal, A. The synthesis of Ni-activated carbon nanocomposites via 

electroless deposition without a surface pretreatment as potential hydrogen storage 

materials. Int. J. Hydrogen Energy 37, 10743–10749 (2012). 

160. Psofogiannakis, G. M. et al. Enhanced hydrogen storage by spillover on metal-doped 

carbon foam: an experimental and computational study. Nanoscale 3, 933 (2011). 

161. Liu, S.-H. Waste-Derived Biochar for CO2 Sequestration. Biochar from Biomass 

Waste 295–304 (2019) doi:10.1016/B978-0-12-811729-3.00016-9. 

162. Krounbi, L. et al. Sequential Ammonia and Carbon Dioxide Adsorption on Pyrolyzed 

Biomass to Recover Waste Stream Nutrients. ACS Sustain. Chem. Eng. 8, 7121–7131 

(2020). 

163. Timur, S., Kantarli, I. C., Onenc, S. & Yanik, J. Characterization and application of 

activated carbon produced from oak cups pulp. J. Anal. Appl. Pyrolysis 89, 129–136 

(2010). 

164. Rashidi, N. A., Yusup, S. & Hameed, B. H. Kinetic studies on carbon dioxide capture 

using lignocellulosic based activated carbon. Energy 61, 440–446 (2013). 

165. Seema, H. et al. Highly selective CO2 capture by S-doped microporous carbon 

materials. Carbon N. Y. 66, 320–326 (2014). 

166. Han, J. et al. The N-doped activated carbon derived from sugarcane bagasse for CO2 

adsorption. Ind. Crops Prod. 128, 290–297 (2019). 

167. Dissanayake, P. D. et al. Biochar-based adsorbents for carbon dioxide capture: A 

critical review. Renew. Sustain. Energy Rev. 119, (2020). 

168. ROMM, J. J. The Hype about Hydrogen. https://issues.org/romm/ (2004). 

169. Sohi, S. P. Carbon Storage with Benefits. Science (80-. ). 338, 1034–1035 (2012). 

170. Woolf, D., Amonette, J. E., Street-Perrott, F. A., Lehmann, J. & Joseph, S. Sustainable 



42 

 

biochar to mitigate global climate change. Nat. Commun. 1, 56 (2010). 

171. Tour, J. M., Kittrell, C. & Colvin, V. L. Green carbon as a bridge to renewable energy. 

Nat. Mater. 9, 871–874 (2010). 

 


	Cover Sheet (AFV)
	276859

