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This study uses a multidisciplinary approach to explore direct geothermal
use via acidic thermal springs for local-scale hydrogen energy initiatives. The study demonstrates
the effectiveness and cost-efficiency of utilizing the aluminum-water low hydrothermal reaction
under specific pH and temperature conditions to disrupt the aluminum oxide layer. Furthermore, the
study validates the potential use of waste materials (aluminum dross and cutting chips) with acidic
hot springs at the laboratory and onsite experiments. Environmental assessment reveals lower carbon
dioxide emissions from aluminum waste than primary aluminum-based hydrogen and gasoline fuels.
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In response to escalating global energy demand and mounting sustainability challenges,
thereisapressing need for scalable, cost-effective, and low-carbon aternativesto fossil fuels.
Hydrogen, with its attributes of clean combustion, high energy density, and versatility,
emerges as a promising energy carrier, but its conventional production from fossil fuels
hampers its environmenta friendliness. A sustainable method for hydrogen production using
renewable, locally available, and cost-effective resources, focusing on the low hydrothermal
reaction between aluminum and water, is studied. In this context, a uminum waste materials
were suggested as subgtitutes for primary aluminum, and acidic hot spring water was favored
over pure water. This approach offered a more environmentally friendly alternative by
leveraging the unique properties of acidic hot spring water and repurposing al uminum waste
materials (e.g., duminum dross and cutting chips) without additional processing. The
feasibility and effectiveness of this method were investigated through laboratory and onsite

experimentation, complemented by environmental and techno-economic assessments.

In this research, we proposed a renewable method for hydrogen production to meet its
rapidly growing future demand, focusing on environmental sustainability and cost-
effectiveness. This involved utilizing naturally occurring acidic hot spring resources and
aluminum wastes through a low hydrothermal auminum-water reaction (below 100°C). To
achieve this objective, severa key issues needed to be addressed: (1) the feasibility and
reaction mechanism of the method isinvestigated at a fundamental level, and (2) testing the
potential design of the hydrogen production plant through onsite experiments (Tamagawa and
Zao spring sites). Furthermore, the practical application of the method was evaluated by
conducting a life cycle assessment to assess its environmental impacts, and a techno-
economic assessment was used to determine its cost-effectiveness, considering the materias

and processesinvolved.

This study began with a fundamental investigation into renewable hydrogen production
through the aluminum-water low hydrothermal reaction. We explored hydrogen generation
from the reaction of pure aluminum powder with water, encompassing a temperature range
of 40-100°C and extreme pH conditions (1-2 for acidity adjusted by HCI and H,SO, and 11-
13.5for dkalinity adjusted by NaOH) without additional treatments. By comparing reactions
across various pH levels and temperatures, we elucidated the reaction mechanism for each

solution. Moreover, we obtained valuable insights into reaction kinetics from the hydrogen



production results, facilitating the development of a predictive model for hydrogen
production. Next, we assessed the feasibility of our proposed approach by reacting aluminum
wastes (specificaly dross and cutting chips) and acidic hot springs at pH 1 and temperatures
up to 100°C. This evaluation was conducted through both |aboratory and onsite experiments.
The onsite experiments conducted at Tamagawa and Zao Springs aimed to demonstrate our
method's practical application.

Furthermore, we conducted an environmental assessment encompassing carbon dioxide
emissions and energy consumption associated with the proposed hydrogen system. This
assessment considered all pertinent aspects of materials and processes, including resources,
transportation, production, distribution, utilization, potential contributions, and emissions
associ ated with hydrogen fuel. A techno-economic assessment was considered to appraise the

cost-effectiveness of this method, taking into account the same critical factors.
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Figure 1. Research conception of the aluminum-water low hydrothermal reaction for hydrogen

production.

The study found that strong acidity or akalinity and elevated temperature disrupted the
oxide layer on aluminum surfaces, enhancing its reactivity with water to release hydrogen.
The predictive modd aligned well with on-site measurements at the Tamagawa and Zao hot

springs (Alviani et a., 2019). The study also demonstrated the potential of utilizing aluminum

waste materials and acidic hot springs for hydrogen production through the aluminum-water
hydrothermal reaction. The hydrogen production rate was notably temperature-dependent and
influenced by aluminum content and specific surface area. Due to their higher aluminum
content, aluminum cutting chips exhibited a higher yield than aluminum dross. Onsite

experiments with aluminum cutting chips and an acidic hot spring yielded approximately 3



mol of hydrogen per kg of aluminum chips within 6.75 hours (Figure 2. (right)).
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Figure 2. (left) Hydrogen production from aluminum cutting chips and drossin acidic hot springs.

(right) On-site hydrogen production from aluminum cutting chips and acidic Tamagawa spring.

The environmenta assessment revealed that utilizing aluminum waste materials and
acidic hot spring water is a more environmentally favorable approach compared to primary
aluminum-based hydrogen fuel and gasoline for the same usable energy output, which was

advantaged from a carbon dioxide reduction of the neutralization process (Figure 3; Alviani

et al., 2021). This study highlights hydrogen production as a promising means of utilizing
aluminum waste and advancing direct geothermal use. From techno-economic results, the
proposed method for hydrogen fuel use can gradually compete with current hydrogen retail
and target prices considering environmental concerns, technological advancements and

maturity, and subsidy schemes.
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Figure 3. (a) Carbon dioxide emissions and (b) energy consumption per MJ of gasoline and
hydrogen fuels. Negative carbon dioxide emissions for hydrogen fuel indicate emission reductions
through neutralization. Regular text denotes values for individual processes; bold text indicates
totals. (Abbreviations: Primary Al = primary aluminum, AC = aluminum cutting chips, AD =
aluminum dross, HS = acidic hot spring).
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