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Note: The share of co-authorship by China is highlighted by the color of the cell. Green, > 30%; yellow, > 40%; pink, > 50%.

Figure 3-5-10　Highly cited papers for the last ten years (2013–2022), International co-authorship

Note: The share of co-authorship by China is highlighted by the color of the cell. Green, > 30%; yellow, > 40%; pink, > 50%.

Figure 3-5-11　Highly cited papers for the last three years (2020–2022), International co-authorship



145 

Research Report　　Policy and R&D trends in electrochemical devices in the Asia and Paci�c regions:Toward the diffusion of clean energy

JST Asia and Pacific Research Center　 　APRC-FY2023-RR-06-EN 

Countries or regions where the share of co-authorship of highly cited papers with China over the last 

10 years (Figure 3-5-10) is more than 50% are Australia, Singapore, and Taiwan. Over the last three years 

(Figure 3-5-11), the number increased to five countries/regions with the addition of Canada and the United 

States, and the shares of Singapore and Australia increased significantly to 85.8% and 72.2%, respectively. 

Incidentally, in Japan and Korea, where the R&D of rechargeable batteries has advanced, the share of co-

authorship with China is less than 50%, although it has been increasing recently.

According to interviews conducted in Australia, many universities still believe that the further 

enhancement of diversity is effective in improving research capabilities. R&D activities previously 

depended on foreign students and grants from other countries as financial sources, while the situation 

changed completely in 2019 when the “risk of interference from foreign countries” began to attract more 

attention than before, and the following guidelines were published.

The University Foreign Interference Taskforce (UFIT) in Australia publishes the “Guidelines to Counter 

Foreign Interference in the Australian University Sector,” the guideline on “Due Diligence, Specific to 

the Transnational Education Environment,” and the “Report on Implementation of the Guidelines to 

Counter Foreign Interference in the Australian University Sector.” Interviews on foreign interference 

measures have been frequently conducted by the government over the last five years. According to the 

report, many universities and government agencies participate in roundtable meetings for comprehensive 

consultation on what should be done and to what extent, or for deeper understanding and implementation 

of the guidelines. The report pointed out that interference measures against foreign countries are an 

ongoing process that requires adaptability and advancement of the approach, and more frequent sharing 

of concrete information that the government has—through sharing the functioning status and case studies 

of the guidelines—would lead to the continuous implementation of the guidelines by universities.

Guidelines [e8] presented by UFIT [e7] operate under collaboration between UFIT and universities. 

The government provides a Readiness Assessment Procedure (framework), whereas universities are 

responsible for risk management. Each university identifies valuable information and knowledge on 

technologies as “Supreme Treasure” to recognize the risk facing the treasure at the vice president level 

and manages the risk voluntarily. The selection of partners for Readiness Assessment, compiling of 

evidence, and reporting to the government are essential. Each university shares optimal implementation 

cases, including the management processes for grants, through UFIT. The ARC, the main distributor of 

public research funds, checks the reported results on operating conditions [a1].
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Appendix: Electrochemical Devices and 
Technical Issues

This appendix outlines the essential knowledge of the electrochemical devices covered in this report, 

along with their positioning and associated technical issues. Electricity generated from natural energy 

sources must be stabilized to smooth output fluctuations and converted into a carrier that can be 

transported in large quantities to ensure a stable supply to consumption areas. From the perspective of 

ensuring a stable supply of renewable energy, this report positions “batteries” as power storage devices, 

“water electrolysis” as hydrogen production devices, and “fuel cells” as hydrogen utilization devices. It 

outlines the characteristics, reaction mechanisms, and technical issues of each electrochemical device, 

along with technological strategies for resolving these issues through materials innovation and theoretical 

exploration.

1 Utilization of Renewable Energy

Power generation from natural energy sources such as solar and wind power is subject to fluctuations 

due to day-night cycles, weather conditions, and seasonal changes. These fluctuations complicate balancing 

electricity supply and demand, making surplus power storage essential. Batteries and hydrogen are viable 

means of energy storage (Figure 1). Ideally, when supply matches demand, electricity should be used in its 

original form with minimal energy conversion frequencies and transmitted via the power grid. However, 

there is a real gap between electricity supply and demand, and a mechanism to address this imbalance is 

essential for the stable use of renewable energy.

修正済み ccaarr eeeerr   →→　　 ccaarr rr ii eerr

Figure 1: Positioning of three electrochemical devices for stable use of renewable energy (reposted from Figure 1-1)

Figure 1　Positioning of three electrochemical devices for stable use of renewable energy (reposted from Figure 1-1)

Devices that can ensure a stable power supply include pumped storage power generation and batteries; 

however, hydrogen offers potential for large-scale storage and transport of renewable energy. Therefore, 

as a roadmap for social implementation, countries and regions are improving the efficiency of fossil 

resource use (resource and energy conservation) while simultaneously developing clean energy supply 

infrastructures such as power grids, charging stations, and hydrogen gas pipeline networks.

To expand the use of hydrogen in the future, major countries worldwide are advancing their 
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When focusing on existing industrial hydrogen production processes that serve as competitors, "reformed hydrogen" is one 
such example. In terms of reforming raw materials, natural energy is superior because of its low carbon dioxide emission 
intensity, followed by low-cost LPG and coal. The use of biomass is also being considered on the premise that stable quantities 
can be secured. To qualify as a clean energy source, "blue hydrogen" must be combined with Carbon dioxide Capture, 
Utilization, and Storage (CCUS) to manage the by-product carbon dioxide. In local interviews conducted in various countries 
and regions, catalyst and mineral resource researchers have frequently mentioned the practical application and industrialization 
of technologies related to blue hydrogen. However, during the transition from basic to applied research, studies on green 
hydrogen have been more active than those on blue hydrogen [c1].

137

technological development. The formation of the future hydrogen market is expected to depend heavily 

on government policies, including incentives and promotion schemes for renewable energy-derived 

“green hydrogen137.” However, many challenges remain, including the technological development of the 

water electrolysis process, the practical application of equipment, hydrogen pricing, and the creation of a 

sufficiently large market [c1]. 

Candidates for hydrogen storage and transportation include liquefied hydrogen, liquefied ammonia, and 

liquefied methane (Table 1), assuming large-scale maritime transportation of fuel for power generation. 

While liquefied hydrogen is still in the testing and verification stages, liquefied ammonia—which liquefies 

at a relatively low pressure of 30 to 40 bar at ambient temperatures—has already been transported for 

use in denitrification at thermal power plants. Conversely, liquefied methane is expected to leverage 

existing LNG import/export infrastructure. These hydrogen carriers can be used as fuels in large 

quantities, and combustion experiments have already begun. Additionally, Carbon Capture and Storage 

(CCS)—which involves recovering and storing carbon dioxide generated during the hydrogen production 

stage—has entered the demonstration and verification phases from geological and mineralogical 

perspectives. Countries that accept carbon dioxide are also developing domestic legislation to ensure 

compliance with the Basel Convention [d2].

Table 1　Examples of physical properties of hydrogen carriers

Chemical formula - H2 NH3 CH4

Name - Hydrogen Ammonia Methane

Molecular weight g/mol 2.016 17.03 16.04

Melting point °C -259.2 - 77. 7 -182.5

Liquid density kg/m3 70.8 (-253°C) 674 (-33.4°C) 422 (-33.4°C)

Boiling p oint °C -252.9 - 33. 4 -161.5

Gas density kg/m3
0.052 (21.1°C,
0.1MPa) 0.771 (0°C, 0.1MPa) 0.422 (-33.4°C)

Gas specific gravity (relative to air) - 0.07 0.771 0.55

Higher heating value (0°C, latm) 141.8 22. 5 55. 5

Lower heating value (0°C, latm) 121.5 18.6 50.0

Table 1: Examples of physical properties of hydrogen carriers

MJ/kg

MJ/kg

2 Batteries

(1) All-solid-state batteries for automotive use

In the automobile industry, Japanese companies have been committed from an early stage to reducing 
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carbon dioxide (CO2) emissions by advancing technological development and promoting awareness of 

both environmental stress reduction and safety [b1]. For instance, in the technological development of 

power supplies, there has been a shift from Internal Combustion Vehicles (ICVs) that rely on fossil fuels 

to Hybrid Electric Vehicles (HEVs) that combine internal combustion engines with batteries, to Fuel Cell 

Vehicles (FCVs) that use hydrogen as fuel, and finally to pure Battery Electric Vehicles (BEVs). 

One of the challenges facing automotive batteries is their weight. Currently, "automotive batteries" 

weigh approximately 400 to 500 kg per vehicle, raising concerns about the potential for increased damage 

in traffic accidents and additional stress on road surfaces.

A reduction in battery weight is required for further development, and a competitive race is emerging 

among South Korea, China, Europe, and the United States to develop various types of batteries. 

Unfortunately, it is not possible to significantly reduce battery weight along the current trajectory of 

Lithium-ion Batteries (LIBs). Therefore, "all-solid-state batteries," which are expected to have the most 

advanced characteristics among new battery systems, have been proposed. Technological development 

of all-solid-state batteries using solid electrolytes is progressing due to their anticipated advantages over 

liquid electrolytes, such as non-flammability, stability, high output, and no need for cooling [e2][e3].

In 2019, the composition of new energy vehicles in China was 972,000 BEVs, accounting for 80.6% of the 

total domestic market [a4]. Indeed, the rapid pace of adoption is evident from the widespread installation 

of charging stations at various locations, including university campuses. However, current BEVs still have 

certain limitations, and ICVs using gasoline or diesel fuel, as well as HEVs, remain more advantageous for 

long-distance use. Although there are examples of policy incentives, such as the regulations on obtaining 

vehicle registration plates and subsidies, it is believed that the final choice will ultimately depend on the 

needs of the driver [b1].

Source [f7]

Figure 2　National objectives for progress in battery technology
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(2) Research trends in batteries

The 64th "Battery Symposium in Japan" was held in Osaka in November 2023 under the auspices of the 

Committee of Battery Technology, the Electrochemical Society of Japan. The symposium was a large-

scale academic conference, with 528 presentations listed in the program. Presentation trends from this 

symposium are used as a benchmark for organizing research trends in other countries.

The number of presentations by battery type (Figure 3) shows that lithium-ion battery improvement 

studies accounted for the largest share, with 229 presentations. Among these, presentations on all-solid-

state batteries have been steadily increasing, reaching 99. There were also presentations on battery 

systems using non-lithium drivers, such as sodium, reflecting resource strategy considerations. 
翻訳者作図

Figure 3: The 64th Battery Symposium in Japan – The number of presentations by battery type (Total:
Figure 3　The 64th Battery Symposium in Japan – The number of presentations by battery type (Total: 528)

Referring to the breakdown of the 229 presentations on lithium-ion batteries (Figure 4), there were 

23 presentations on metal anodes, 18 on carbon anodes, and 15 on oxide anodes. For cathodes, seven 

presentations focused on high-potential cathodes and 69 on general cathodes, indicating a strong focus on 

research aimed at increasing energy density. Additionally, there were 32 presentations on electrolytes and 

43 on large batteries (battery packs), evaluation, and safety. 
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使用

Figure 4: The 64th Battery Symposium in Japan – Lithium ion batteries (Breakdown of 229 presentations)
Figure 4　The 64th Battery Symposium in Japan – Lithium-ion batteries (Breakdown of 229 presentations)

The number of presentations by metal element (Figure 5) shows an increase in research on sodium and 

potassium as alternatives to lithium as a driver, as well as on multivalent metals such as zinc, magnesium, 

and calcium.
使用

Figure 5: The number of presentations by metal elementsFigure 5　The number of presentations by metal elements

(3) Sodium-ion batteries

Professor Shigeto Okada of Kyushu University and Professor Shinichi Komaba of Tokyo University of 

Science were the pioneers in the field of "sodium-ion batteries," which received the Battery Technology 

Committee Award at the Battery Symposium in 2013. Although lithium iron phosphate (LFP) batteries 

have been widely adopted in China, Contemporary Amperex Technology Co., Limited (CATL) announced 

the market launch of sodium-ion batteries, which were found to be superior to LFP batteries in 
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certain performance aspects [f8]. In response to CATL’s announcement—the world's largest battery 

manufacturer—Chinese battery material manufacturers have accelerated development, confident in the 

practical application and industrialization of sodium-ion batteries [f5]. Although sodium batteries were 

considered to be in an early stage, CATL has recognized the social demand for electric vehicles in Chinese 

cities and regions and is advancing the technological development of suitable sodium-ion batteries.

(4) Recycling technology

Automotive companies are also engaging in BEV-related recycling as part of their R&D efforts to 

capture the global EV market. As BEV adoption has progressed, the handling of scrap batteries after 

use will become an issue. However, recycling components is difficult—not only for batteries but also 

for components in general. Recovery of metallurgical raw materials and lead batteries for automobiles, 

magnets for motors, and platinum for synthetic catalysts is currently in progress. However, for magnesium 

batteries, which are made from commonly available materials, recycled products will ultimately be more 

expensive than new ones. To achieve a circular economy, it is necessary to create value through recycling 

or to design a social system that enables profitable resource collection, similar to the system in place for 

consumer electronics. During R&D, designing the structure and composition to facilitate battery recycling 

is critical.

3 Fuel cells

(1) Characteristics of fuel cells

"Fuel cells are energy-conversion devices that directly convert the chemical energy of fuel molecules 

into electrical energy with ‘high conversion efficiency.’" In conventional power generation methods, such 

as thermal power generation, the energy conversion process is repeated, resulting in lower conversion 

efficiency than that of fuel cells. Furthermore, the heat generated by fuel cells during power generation 

can be reused to further improve energy efficiency. Hydrogen-based fuel cells produce only water and do 

not emit greenhouse gases or air pollutants.

Fuel cells exhibit high efficiency even at low output levels, making them attractive for use in vehicles 

and as stationary power sources for homes. However, the power generation unit of a fuel cell consists of 

a planar cell that requires a large surface area and a multilayer structure. Consequently, fuel cells do not 

benefit from economies of scale through increasing their size, unlike thermal power generation. While 

improvements in power density are ongoing, reducing costs and extending lifespan remain key challenges 

for fuel cells.

Focusing on "automotive applications," FCVs are more suitable for long-distance travel compared to 

BEVs. The broader adoption of FCVs or BEVs will depend on customer preferences, based on factors 

such as convenience and cost-effectiveness. Automakers are preparing for both types as environmentally 

friendly options. If hydrogen becomes widely available at a low cost, FCVs will likely take the lead; 

conversely, if all-solid-state batteries become commercially available, BEVs will be the main contender. 

Currently, BEVs are considered less convenient, require sales subsidies, and are unlikely to become the 

mainstream choice unless battery performance significantly improves beyond that of existing LIBs.
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(2) Types of fuel cells

Fuel cells are used for different purposes depending on the types of electrodes, fuels, and electrolytes, 

leading to the development of various types. The main types of fuel cells, listed in ascending order of 

operating temperature, are Polymer Electrolyte Fuel Cells (PEFCs), Phosphoric Acid Fuel Cells (PAFCs), 

Molten Carbonate Fuel Cells (MCFCs), and Solid Oxide Fuel Cells (SOFCs).

PEFCs are already in practical use, such as in FCVs, and offer advantages such as easy start-up and 

shutdown at low temperatures. They use a polymer ion exchange membrane as the electrolyte, through 

which hydrogen ions move. Due to the low operating temperature of approximately 80°C, the air 

electrode has low reactivity, requiring an expensive platinum catalyst to initiate the chemical reaction, 

which remains an issue from both resource strategy and cost perspectives. Additionally, platinum 

catalysts are susceptible to poisoning by carbon monoxide, requiring the fuel to have a low concentration 

of carbon monoxide. To address these issues while improving durability, iron-based and nitrogen-doped 

carbon-based catalysts—non-precious metal catalysts and Oxygen Reduction Reaction (ORR) catalysts—

have attracted attention. 

PAFCs use a phosphoric acid solution as the electrolyte, apply a platinum catalyst, and operate at 

around 200°C. Although energy efficiency can be improved by recovering reaction heat, components 

exposed to phosphoric acid are prone to accelerated corrosion.

MCFCs use molten carbonate as the electrolyte and operate at around 650°C. Carbonate ions CO2
3+ 

migrate through molten carbonate. Since platinum catalysts are not used, carbon monoxide can be 

employed as a fuel. For the molten carbonates, mixed salts of lithium carbonate, potassium carbonate, and 

sodium carbonate are used. 

SOFCs operate in the high temperature range of 700 to 1000°C to ensure sufficient oxide ion O2- 

conductivity. They can use carbon monoxide as a fuel without using precious metal catalysts. Additionally, 

by using waste heat to drive the generator, they demonstrate higher power generation efficiency than 

PEFCs. However, the high operating temperature limits the choice of materials, resulting in drawbacks 

such as brittleness and fragility. Therefore, to ensure stability, a ceramic material known as Yttria-

Stabilized Zirconia (YSZ), in which yttria (Y₂O₃) is dissolved in zirconia (ZrO₂), is used as the electrolyte. 

By substituting tetravalent Zr4+ with trivalent Y3+, an oxygen defect is introduced into the crystal 

structure, thereby increasing ionic conductivity.

(3) Oxygen reduction reaction in fuel cell

All types of fuel cells require two electrodes, an electrolyte, fuel, and oxygen. PEFCs and SOFCs 

are typical examples of fuel cells classified by the type of electrolyte used. The electrolyte allows the 

passage of ions while blocking the flow of electrons. In solid polymer electrolytes, hydrogen ions (H+) 

are permeated, while in solid oxide electrolytes, oxide ions (O2-) are permeated. At the same time, the 

electrolyte prevents the permeation of hydrogen gas supplied to the cathode (air electrode) and oxygen 

gas supplied to the anode (fuel electrode), thereby preventing the mixing of the two gases.

The fuel cell process can be understood as an electrochemical oxygen reduction reaction (Figure 6). 

First, when the positive pole of the external load is connected to the cathode of the fuel cell, and the 

negative pole of the external load is connected to the anode of the fuel cell, an electric current begins to 
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flow. An ORR occurs at the cathode (air electrode), while a Hydrogen Oxidation Reaction (HOR) occurs at 

the anode (fuel electrode).

Anode HOR Electrolyte Cathode ORR

H2→→2H++2e- Solid polymer type H+→ 2H++1/2O2+2e-→H2O

H2+O2- →→H2O+2e-
←←O2- Solid oxide type 1/2O2+2e-

→→O2-

Cathode:  In electrolysis and batteries, the electrode where  electrochemical reduction occurs. 
Anode    : In electrolysis and batteries, the electrode where electrochemical oxidation occurs.

                      Hydrogen Oxidation Reaction (HOR)
                      Oxygen Reduction Reaction (ORR)

Figure 6: Oxygen reduction reaction in a fuel cell

Figure 6　Oxidation and reduction reaction in a fuel cell

In the case of a "solid polymer type electrolyte," hydrogen ions (H+) and electrons (e-) are generated at 

the anode, which is the fuel electrode, as the oxidation number of hydrogen (H2) increases (oxidized). The 

generated electrons flow from the anode to the external load (in the opposite direction of the current) and 

reach the cathode through the external wiring. The hydrogen ions (H+) generated at the anode permeate 

the solid polymer electrolyte and move to the cathode, which is the fuel electrode. At the cathode, which 

is the air electrode, oxygen (O2) reacts with hydrogen ions (H+) and electrons (e-) (reduced) to form water 

(H2O). Here, it is known that a phenomenon called flooding occurs, in which the generated water overflows 

and obstructs the supply of oxygen gas, causing unstable power generation. As a countermeasure, 

studies have been conducted on models of two-phase gas diffusion phenomena in porous materials and on 

controlling the surface properties of catalysts.

On the other hand, in the case of a "solid oxide electrolyte," hydrogen (H2) reacts with oxide ions 

(O2-) (and is oxidized) at the anode, which is the fuel electrode, to generate water (H2O) and electrons 

(e-). The generated electrons flow from the anode to the external load (in the opposite direction to the 

electric current) and reach the cathode via external wiring. At the cathode, which is an air electrode, O2 

reacts with electrons (e-) (reduced) to form oxide ions (O2-). The oxide ions (O2-) generated at the cathode 

permeate the solid oxide electrolyte following a concentration gradient and move to the anode, which 

is the fuel electrode. Porous manganese oxide, a conductive ceramic that exhibits high oxide ion (O2-) 

conductivity, is used as the electrolyte. However, since thermal deformation may cause cell collapse, 

progress has been made in predicting this using temperature-distribution models inside the fuel cells 

during high-temperature operation. The properties required for new electrode materials include reaction 
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activity, electronic conductivity, and a coefficient of expansion compatible with that of other components. 

Perovskite oxides are considered potential candidates.

4 Water Electrolysis

There are two primary types of hydrogen that do not emit carbon dioxide: "green hydrogen" and 

"blue hydrogen." "Green hydrogen" is produced from renewable energy sources, while "blue hydrogen" 

is produced from fossil resources combined with CCUS technology. In this research, we focused on 

"green hydrogen" using renewable energy sources and conducted studies on green hydrogen and related 

electrochemical devices. Water-splitting technology at high temperatures using nuclear energy remains 

a challenge for the development of heat-resistant materials. However, this topic was excluded from the 

scope of the present research.

(1) Hydrogen from the perspective of carbon dioxide emission intensity

In April 2023, the International Energy Agency (IEA) published a report, "Towards hydrogen definitions 

based on their emissions intensity" [e6], which proposes an approach to evaluate hydrogen based on its 

emissions intensity. This report was prepared to provide information to policymakers, hydrogen producers, 

investors, and the research community in advance of the G7 Ministers' Meeting on Climate, Energy and 

Environment. Representative emission intensities are shown in Figure 7.
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Figure 7: Carbon dioxide emission intensity by hydrogen production route (Figure shows low-level

Coal with CCS 93%
Natural gas without
Coal without CCS

Biomass with CCS

Natural gas with

Water electrolysis
Water electrolysis
Water electrolysis
Water electrolysis
Biomass without

Biomass with CCS 95%

Water electrolysis Nuclear Power

Water electrolysis Sweden Grid

Water electrolysis Onshore Wind

Biomass without CCS

Water electrolysis Solar PV

Natural gas with CCS 93%

Coal with CCS 93%

Natural gas without CCS

Coal without CCS 

-16 to -21
0.1 to 0.3
0.4 to 0.8

0.5
0.9 to 2.5
1.0 to 4.7
1.5 to 6.2
2.6 to 6.3

9
22 to 26

Coal with CCS 93%
Natural gas without CCS
Coal without CCS

Biomass with CCS 95%

Natural gas with CCS 93%

Water electrolysis Nuclear Power
Water electrolysis Onshore Wind
Water electrolysis Sweden Grid
Water electrolysis Solar PV
Biomass without CCS

IEA, April2023
Unit: kg CO2-eq/kg H2
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Defining hydrogen according to its emissions intensity 
Prepared with reference to pages39-43 

Figure 7 Carbon dioxide emission intensity by hydrogen production route (Figure shows low-level data)

Among these, the process of producing hydrogen is referred to as "water electrolysis." Renewable 

energy can be converted into hydrogen, a chemical energy source, and this process is gaining attention 

as a key process for achieving zero carbon dioxide emissions. The challenges of water electrolysis include 

hydrogen transportation, component durability, and hydrogen production cost reduction. The widespread 
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adoption of this technology depends on policy incentives, promotion schemes, and regulatory frameworks 

that encourage "green hydrogen." Many challenges remain, including research on water electrolysis 

technology, development of water electrolysis equipment, and creation of a hydrogen market.

(2) Hydrogen from the perspective of production cost

Various hydrogen production routes exist; however, the main low-emission methods include water 

electrolysis using renewable energy, as well as partial oxidation and steam reforming for hydrocarbon 

resources—provided these are combined with CCS. Among the various hydrogen production routes, 

water electrolysis using renewable energy is positioned in a cost range several times higher than the 

method using hydrocarbon resources (considering both lower and higher cost data provided by the IEA), 

indicating a significant gap with current market prices (Figure 8).

When considering the factors involved, the key issues are the variable cost of renewable energy input, 

amortization of the initial investment, device lifetime, and replacement cost. Current water electrolysis 

devices have a two-dimensional planar sheet-stacked structure, which is less scalable than chemical 

reactors with simple three-dimensional structures. Furthermore, durability against power supply 

fluctuations and replacement cycles associated with membrane degradation remain issues to be addressed. 

For performance per unit area, reducing power consumption by minimizing overvoltage (the total value 

of the activation overvoltage, concentration overvoltage, and resistance overvoltage). In other words, 

progress is expected in R&D where the water electrolysis method will outperform hydrocarbons with 

CCS, including economy performance. In the meantime, as stated in the Australian National Hydrogen 

Strategy [c12], it is anticipated that the optimal balance of emission intensity, cost, and supply volume will 

be pursued through combining hydrocarbon-derived hydrogen using CCS with hydrogen from the water 

electrolysis method.
オリジナル

0.0 1.0 2.0 3.0 4.0
https//beyond-coal.jp/documents/iea-hydrogen-definitions-2023/
IEA Report "Towards hydrogen definitions based on their emissions intensity"

Prepared based on The cost of hydrogen supply, p. 22, Figure 5

Figure 8: Hydrogen costs by production route (Figure shows low-level
Figure 8　Hydrogen costs by production route (Figure shows low-level data)
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According to the action plan of the Green Growth Strategy [f6], "The key to hydrogen production in the 

future is the water electrolysis equipment that produces hydrogen through the electrolysis of water. As 

the cost of renewable energy and water electrolysis equipment continues to decline, it is expected that 

by 2050 hydrogen will be cheaper to produce in some areas than hydrogen produced from fossil fuels 

with CCUS." In the future, approaches to increase equipment size, reduce equipment costs, and improve 

durability are expected to be pursued amid international competition. In India, companies interested in 

hydrogen production and utilization are first focusing on improving the commercially established Alkaline 

Water Electrolysis (AWE) process to produce green hydrogen in combination with renewable energy [c1].

(3) Oxygen reduction reaction in water electrolysis

The water electrolysis process can be understood as an electrochemical oxygen reduction reaction 

(Figure 9). There are two primary types of electrolyte: basic solution and acidic solution (see Figure 11 for 

the solid oxide type). First, the negative pole of the external power supply is connected to the cathode of 

the water electrolysis equipment, and the positive pole is connected to the anode, allowing electric current 

to flow. A Hydrogen Evolution Reaction (HER) occurs at the cathode, whereas the Oxygen Evolution 

Reaction (OER) occurs at the anode.

Anode OER Electrolyte Cathode HER

2OH- → H2O + 1/2O2 + 2e- ←OH-  Basic solution 2H2O + 2e- → H2 + 2OH-

H2O → 2H+ +1/2O2 + 2e- Acidic solution  H+ → 2H+ + 2e- → H2

Cathode:  In electrolysis and batteries, the electrode where  electrochemical reduction occurs. 
Anode    : In electrolysis and batteries, the electrode where electrochemical oxidation occurs.
                     Oxygen Evolution Reaction (OER)
                     Hydrogen Evolution Reaction (HER)

Cathode:  In electrolysis and batteries, the electrode where  electrochemical reduction occurs. 
Anode    : In electrolysis and batteries, the electrode where electrochemical oxidation occurs.

                     Oxygen Evolution Reaction (OER)
                     Hydrogen Evolution (HER)

Figure 9: Oxygen reduction reaction in water electrolysis

Figure 9　Oxidation and reduction reaction in water electrolysis

In the case of a basic solution, electrons (e-) flow from the negative pole of the power supply to the 

cathode (in the opposite direction of the electric current). At the cathode, water gains electrons (e-) and the 

oxidation number decreases (reduced) to generate hydrogen gas and hydroxide ions (OH-). The generated 

hydroxide ions (OH-) then permeate the electrolyte membrane and move through the basic solution. At the 

anode, the hydroxide ions (OH-) lose electrons (e-) and the oxidation number increases (oxidized), producing 

oxygen gas and water.

In the case of an acidic solution, electrons (e-) flow from the negative pole of the power supply to the 

cathode (in the opposite direction of the electric current). At the cathode, the hydrogen ions (H+) gain 
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electrons (e-) and the oxidation number decreases (reduced) to generate hydrogen gas. At the anode, water 

loses electrons (e-) and the oxidation number increases (oxidized), producing oxygen gas and hydrogen ions 

(H+). The generated hydrogen ions (H+) then permeate the electrolyte membrane, move through the acidic 

solution, and are supplied to the cathode.

The electrolyte membrane allows hydroxide ions (OH-) in basic solutions and hydrogen ions (H+) in acidic 

solutions to permeate, while simultaneously preventing the permeation of hydrogen gas generated at the 

cathode and oxygen gas generated at the anode, thus preventing the mixing of hydrogen gas and oxygen 

gas.

(4) Types of water electrolysis devices

Water electrolysis devices can be classified according to the electrolyte material and operating 

temperature. A performance comparison of water electrolysis cells is shown in Figure 10. Energy 

efficiency improves when the cell voltage on the vertical axis is lower, whereas productivity is higher 

when the current density on the horizontal axis is greater.

Figure 10: Performance comparison of water electrolysis methods (see

Figure 10　Performance comparison of water electrolysis methods (see [f5])

Methods for performing water electrolysis at low temperatures below 100°C include AWE and 

Polymer Electrolyte Membrane (PEM) water electrolysis. In India, AWE is positioned as a state-of-the-art 

improvement, whereas PEM water electrolysis is considered a research topic for future technology. AWE 

allows larger cell areas and has a strong track record for commercial applications. It is well-suited for 

locations where low-cost renewable energy can be secured on a large scale.

PEM water electrolysis allows high-density current flow, making it possible to build a compact system. 
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Another characteristic is its ability to produce high-purity hydrogen. PEM systems are suitable for small- 

and medium-scale sites where renewable energy sources are distributed. The challenge lies in using non-

precious metals as electrode catalysts or minimizing the amount of precious metals used. 

In contrast, the Solid Oxide Electrolysis Cell (SOEC), which employs a solid oxide-type electrolyte, is 

used for electrolyzing high-temperature steam (Figure 11). SOECs have high electrolysis efficiency because 

thermal energy can be used as part of electrolysis energy. This high-temperature process does not require 

precious metal catalysts and is resistant to catalyst poisoning by substances such as CO. Technological 

development efforts are focused on reducing cell voltage (V) to save energy and increasing current density 

(A/cm²) to achieve higher efficiency. The challenge is to find the optimal balance between developing heat-

resistant materials and lowering process temperatures. Research continues to reduce the temperature to 

around 800 to 600°C.

Figure 11: High-temperature steam electrolysis process
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Figure 11　High-temperature steam electrolysis process

(5) Background of water electrolysis technology

The development of different water electrolysis methods is rooted in the electrochemical and electronic 

devices from which they originated (Figure 12). Researchers and companies advancing R&D are 

developing water electrolysis devices based on their accumulated technological expertise. Specifically, 

AEW and Anion Exchange Membrane (AEM) from Ion Exchange Membrane (IEM) have been adopted 

from caustic soda production via brine electrolysis. PEM technology derives from Liquid Crystal Displays 

(LCD) used as large-area substrates. SOECs originate from Multilayer Ceramic Capacitor (MLCC). Polymer 

Electrolyte Membrane Electrolysis Cells (PEMEC) are based on PEFCs, and SOECs come from SOFCs. 

The fuel cell reaction is the reverse of water electrolysis and shares the same electrolyte membrane.
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[e] Taiyo Yuden [f] Toshiba ES, MHI, Denso [g] Panasonic

Figure 12: Background of water electrolysis technology (see [e4])
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Figure 12　Background of water electrolysis technology (see [e4])
 

5 Materials Innovation

This section discusses innovations in materials used for electrodes and membranes in electrochemical 

devices, using a backcasting approach from society to theory—i.e., the flow from “society → integrated 

products → devices → materials → theory.”

(1) Elements of interest

In Japan, the Committee of Battery Technology, the Electrochemical Society of Japan holds the Battery 

Symposium (2,000 to 3,000 participants) [f3] annually. 

Past recipients of the Battery Technology Committee Award have conducted research on metal-air 

battery reaction analysis, cathode materials for sodium-ion batteries, solid electrolytes for all-solid-state 

batteries, and cathode materials for fluorine-ion batteries. According to the periodic table [c13], elements 

such as Li, Na, and F have traditionally been used as charge carriers for batteries, and more recently, 

elements such as Mg and H are being considered as promising alternatives.

(2) Solid electrolyte

The sulfide solid electrolyte Lithium Germanium Phosphorus Sulfide (LGPS), invented by Professor Ryoji 

Kanno of the Tokyo Institute of Technology and Toyota Motor Corporation, was featured on the cover of 

the first issue of Nature Energy in 2016. Japan has a top-class track record in solid electrolyte materials 

research, and further research is underway to replace Ge in LGPS with elements such as Si and halogens.

Figure 13 illustrates materials innovation. The vertical axis represents the electrode thickness. Mass 

productivity increases in the order of thin film, coating, and granules. While thicker electrodes offer higher 



160 

Research Report　　Policy and R&D trends in electrochemical devices in the Asia and Paci�c regions:Toward the diffusion of clean energy

JST Asia and Pacific Research Center　 　APRC-FY2023-RR-06-EN 

capacity, they also increase electrode resistance. On the other hand, the horizontal axis represents ionic 

conductivity. Although the ionic conductivity of the electrolyte is limited to 10-2 S/m, solid electrolytes 

have the potential to reach up to 10-1 S/m. Higher ionic conductivity leads to greater power output. 

Innovations in solid electrolyte materials are expected to enable rechargeable batteries to achieve both 

high capacity and high output, while also allowing for mass productivity on a scale comparable to that of 

dry-cell batteries.

Figure 13: Image of materials innovation aiming for both high
capacity
and output, as well as mass
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Figure 13　Image of materials innovation aiming for both high capacity and output, as well as mass productivity

(3) Solid interface

In all-solid-state devices, the solid interface is critically important. Maintaining contact between hard 

solid particles under varying conditions such as charging and discharging is essential. While it is preferable 

for ion movement resistance within the solid to be low (for high ionic conductivity), it is even more crucial 

to reduce the resistance at the much larger solid-particle interfaces. Figure 14 illustrates interface types 

(1) to (7) in all-solid-state batteries. In particular, the interface resistance between the electrode active 

material and the electrolyte was successfully reduced through coating, bringing the practical application of 

all-solid-state batteries closer to realization.
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Figure 14 　Types of interfaces in all-solid-state batteries (in addition, there are also interfaces with other additive 

auxiliaries)

(4) Exploration of new materials

In recent years, there has been an increasing number of proposals for new materials based on 

predictions from computational science, including Artificial Intelligence (AI). However, while AI excels 

at optimizing existing materials, it is said to be less effective at creating new materials. Breakthrough 

inventions in the past have often emerged from unexpected situations, such as experimental failures. 

Today's computers have not yet reached a comparable level of performance, and even the most advanced 

quantum computers still lag behind in terms of performance. Furthermore, the next challenge lies in 

determining whether the predicted new materials can actually be synthesized. 

(5) Materials informatics (MI)

In electrochemical materials research, the use of informatics (information science) is advancing. As a 

new approach to materials research, the interdisciplinary field of “Materials Informatics (MI)” is gaining 

momentum, and consolidation and utilization of international research databases have begun. In addition to 

successful positive data, it is also essential to accumulate unsuccessful negative data [c1]. These initiatives 

are supported by recent improvements in semiconductor performance and the associated improvements 

in computational infrastructure. Machine learning and other technologies are being used to improve the 

efficiency of materials development for a variety of materials, including organic, inorganic, and metallic 

materials. Conventional research has discovered new materials experimentally, but in the “U.S. Materials 

Genome Initiative[f4],” Massachusetts Institute of Technology (MIT) and Samsung have discovered 

materials for high-performance batteries that are comparable to those found in cutting-edge conventional 

research without conducting experiments.
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Figure 14: Types of interfaces in all-solid-state batteries
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(6) Utilization of high-throughput experiments and computational infrastructure

In new research on electrode catalysts, AI provides support including the creation of experimental 

designs. AI preprocesses extensive datasets obtained from high-throughput automated unmanned 

experiments into a machine-learnable format, incorporates image processing to evaluate the experimental 

results, and suggests potential candidates for the next experimental plan. At the experimental results 

evaluation stage, AI analyzes the relationships within the large volumes of data obtained from high-

throughput experiments—such as catalyst lifetime, reaction rate, catalyst composition, fabrication 

methods, and experimental conditions—and supports interpretation and hypothesis generation through 

image processing in a form easily understood by researchers. The construction and utilization of a large-

scale materials database that organizes both negative and positive experimental data has been proposed 

to improve research efficiency.

6 Pursuit of Theories

(1) Exploration of principles and elucidation of mechanisms

Fundamental research requires establishing relevant theories. In the technological development of 

electrochemical devices, hypotheses are being formulated and tested based on scientific knowledge in 

fields such as chemistry, physics, and electrochemistry. Through phenomenal, structural, and compositional 

analyses, fundamental principles are being explored to elucidate these mechanisms.

(2) Design and theory

The establishment of theories in fundamental research is essential for manufacturing electrochemical 

devices. “A clear understanding of the underlying principles and mechanisms in the design of 

electrochemical devices facilitates battery production and reduces the likelihood of failure [b1].” It is 

essential to explore principles and elucidate mechanisms to integrate various design elements, such as 

multiscale materials and structures from the molecular to the nanoscale, multiphase reactions including 

charge-discharge processes and aging, and related multiphysics science. Electrochemical devices have 

been applied in materials research. In recent years, there has been increasing demand for the design of 

resource circulation, including considerations of durability and lifetime, which also relies on establishing 

theoretical foundations in fundamental research.

(3) Scienti�c and technological capabilities

Japan’s scientific and technological capabilities often show a decline in technological development across 

companies, universities, and national research institutes. However, Japan continues to maintain a strong 

position in fundamental research in the field of materials, and it cannot be said that its scientific and 

technological capabilities in this field are declining. “What has changed is the approach to R&D in the field 

of materials research, and the real question is how Japan can find smarter, more effective ways to conduct 

R&D to remain competitive with Europe, the United States, and China [b1].”

For example, in a project supported by the Japan Society for the Promotion of Science (JSPS), many 

researchers are working together to advance research focused on establishing theories for constructing 
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interfaces capable of freely transporting ions at high speeds and accumulating them at high concentrations, 

with the aim of enhancing the performance of solid-state battery devices, including all-solid-state batteries. 

The researchers noted, “There are plenty of opportunities for enthusiastic discussions anytime, anywhere, 

which facilitates progress in overcoming challenges [b1].” Research from this project has shown that 

“interfacial ion dynamics” —ion motion that differs from that within the solid—occurs at material 

interfaces, where ions, in addition to electrons and holes, are mobile. This theory provides guidelines for 

designing interfacial ion dynamics in solid-state ionic devices with both scientific and societal significance. 

A comprehensive understanding of this theory can elucidate the reasons for the occurrence of solid-state 

interfacial resistance in areas that are otherwise difficult to understand and explain.
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