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Abstract: One of the impacts of the Fukushima disaster was the shutdown of all nuclear power plants in Japan, reaching zero production in 2015. In response, the country started importing more fossil energy including coal, oil, and natural gas to fill the energy gap. However, this led to a significant increase in carbon emissions, hindering the efforts to reduce its carbon footprint. In the current situation, Japan is actively working to balance its energy requirements with environmental considerations, including the utilization of hydrogen fuel. Therefore, this paper aims to explore the feasibility and implications of using hydrogen power plants as a means to reduce emissions, and this analysis will be conducted using the energy modeling of the MARKAL-TIMES Japan framework. The hydrogen scenario (HS) is assumed with the extensive integration of hydrogen into the power generation sector, supported by a hydrogen import scheme. Additionally, this scenario will be compared with the Business as Usual (BAU) scenario. The results showed that the generation capacities of the BAU and HS scenarios have significantly different primary energy supplies. The BAU scenario is highly dependent on fossil fuels, while the HS scenario integrates hydrogen contribution along with an increase in renewable energy, reaching a peak contribution of 2,160 PJ in 2050. In the HS scenario, the target of reducing CO₂ emissions by 80% is achieved through significant hydrogen penetration. By 2050, the total CO₂ emissions are estimated to be 939 million tons for the BAU scenario and 261 million tons for the Hydrogen scenario. In addition, the contribution of hydrogen to electricity generation is expected to be 153 TWh, smaller than PV and wind power.
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Nomenclature



	CO2
	Carbon dioxide



	BAU
	Business as Usual



	CCS
	Carbon Capture and Storage



	ETSAP
	Energy Technology Systems Analysis Programmed



	GHG
	Greenhouse Gases



	ICE
	Internal Combustion Engine



	IEA
	International Energy Agency



	IGCC
	Integrated Gasification Combined Cycle



	JAEA
	Japan Atomic Energy Agency



	LHV
	Lower Heating Value



	LPG
	Liquefied Petroleum Gas



	MARKAL
	MARKet and Allocation



	MCH
	Methyl Cyclohexane



	NOx
	Nitrogen oxides



	PV
	Photovoltaics



	RES
	Reference Energy System



	TIMES
	Integrated MARKAL-EFOM1 System



	UN
	United Nations





1  Introduction

Before the Fukushima disaster, Japan showed exemplary efficiency and reliability in its energy sector. The power generation facilities were managed with exceptional steadiness, ensuring a continuous and stable supply of electricity to meet the increasing demands of both its population and industrial sectors. However, after the disaster, all nuclear power plants were temporarily shut down, reaching zero production in 2015. In response, Japan began importing more coal, oil, and natural gas to fill this energy gap, resulting in a significant increase in carbon emissions, undermining the government’s efforts to reduce the carbon footprint.

Currently, Japan is actively working to balance its energy requirements with environmental concerns. The reintroduction of nuclear power is being carried out gradually, yet the future of the nation’s power generation sector continues to be a subject of intense debate. The government is considering several options: A gradual phase-out of nuclear energy, extending the operational life of existing power plants, or investing in new nuclear power plants to maintain or even increase nuclear power generation capacity. These policies aim to achieve a balance between the growing energy demand, environmental safety, and commitment to reducing greenhouse gas emissions.

In response to global environmental challenges, Japan has established an ambitious target of reducing emissions by 80% by 2050, a goal that aligns with the United Nations (UN) overarching aim to lower greenhouse gas (GHG) emissions worldwide. The UN’s strategy includes a substantial cut in total GHG emissions, targeting a reduction from 1.1 million tons to below 1 million tons in the Business-as-Usual scenario (BAU), under 0.9 million tons in the Innovation scenario, and approaching 0.8 million tons in the Intensification scenario, all within the decade from 2020 to 2030 [1]. This ambitious initiative calls for the expansion of renewable energy sources, such as solar photovoltaics (PV) and wind energy, complemented by the development of more innovative and efficient technologies.

Significant advancements have been made in the renewable energy sector, particularly since 2011, with solar power capacity showing a marked increase. By the end of 2016, the cumulative PV capacity had reached 42,040 MW, which included 153 MW for off-grid systems and 41,879 MW for grid-connected PV systems [2]. Additionally, the wind energy sector, currently at a capacity of 3.2 GW, is anticipated to undergo a substantial increase, reaching 36.2 GW by 2030. However, the expansion of wind energy faces potential limitations due to the constrained grid capacity, the structure of the current electricity market, and operational practices that have limited the integration of wind energy projects into the grid [3].

One of the key strategies identified for reducing emissions in Japan involves the utilization of hydrogen fuel. This approach is backed by the government’s commitment to a hydrogen society program, which emphasizes hydrogen’s significant role in both residential energy consumption and transportation sectors. The concept of a hydrogen-powered society is progressively gaining momentum. This could involve the establishment of hydrogen power plants, where pure or mixed hydrogen fuel is burned within a Brayton cycle power plant. This process generates electricity for power generation. Notably, when the hydrogen used for combustion is sourced from renewable energy sources or is combined with Carbon Capture and Storage (CCS) technology, this method can produce energy with zero emissions. Such an approach holds the potential to make a substantial impact on reducing emissions [4].

In light of these developments, this paper aims to explore the feasibility and implications of constructing hydrogen power plants to reduce emissions. This will be analyzed using the MARKAL-TIMES Japan framework. The hydrogen scenario envisions a widespread integration of hydrogen into the power generation sector, supported by a hydrogen import scheme. Additionally, this scenario will be evaluated against the Business as Usual (BAU) scenario as shown in Fig. 1. This comparative analysis is crucial to understand the variations in emissions levels between these two approaches and to gauge the effectiveness of hydrogen power plants in achieving Japan’s emission reduction goals.
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Figure 1: Emission reduction scenarios in Japan [1]

Hydrogen has the potential to offer cost-effective, financially viable, socially beneficial, and energetically efficient solutions to address issues related to the continuously increasing global energy demand, including global warming [5]. Furthermore, it is a fundamental component of the energy transition [6], playing significant roles [7], such as:

•   Integration of large-scale renewable energy.

•   Easy, reliable, safe, clean, and affordable energy access for all sectors and regions.

•   Highly resilient energy systems.

•   Integration into multigeneration systems to offer a variety of valuable products.

•   Environmentally friendly transportation through fuel cells and hydrogen-powered internal combustion engines.

•   Cleaner energy source for industries, residential applications, buildings, etc.

•   Environmentally friendly heating, cooling, drying, and power for all energy sectors.

•   Eco-friendly industrial raw materials.

Based on this explanation, hydrogen has the potential to provide clean, efficient, reliable, and affordable solutions areas of application with significant social benefits [8]. Moreover, hydrogen can facilitate the widespread adoption and full integration of renewable energy sources, making a significant step towards greening the energy system [9,10].

The low-carbon hydrogen plays a significant role in the energy transition to address some energy challenges, serving as an indirect greenhouse gas with its heating impact often neglected. However, the heating effect of hydrogen released into the atmosphere is short-lived, lasting only a few decades compared to fossil fuels [11].

In light of these developments, this paper aims to explore the feasibility and implications of constructing hydrogen power plants to reduce emissions. This will be analyzed using the MARKAL-TIMES Japan framework. The hydrogen scenario envisions a widespread integration of hydrogen into the power generation sector, supported by a hydrogen import scheme. Additionally, this scenario will be evaluated against the Business as Usual (BAU) scenario. This comparative analysis is crucial to understand the variations in emissions levels between these two approaches and to gauge the effectiveness of hydrogen power plants in achieving Japan’s emission reduction goals.

2  Literature Review

Several countries worldwide have adopted the use of hydrogen as an alternative energy source. However, in Europe, the potential for green hydrogen faces limitations due to the insufficient expansion of renewable energy-based power plants. Consequently, many European countries are exploring the option of importing green hydrogen to address this challenge. The future viability of hydrogen as an energy source is heavily dependent on strong support from existing policy frameworks. To minimize risks associated with hydrogen infrastructure investment and advocate for the promotion of green hydrogen, Europe needs to formulate a clear and realistic long-term implementation strategy. In this context, it is important to recognize that transitioning to a sustainable energy system incorporates a spectrum of supply technologies, storage options, and demand-side technologies [12].

Some European Union countries have strategically adopted hydrogen in response to the conflict in Ukraine and the collective effort to reduce carbon emissions, aiming for independence from Russian gas supplies. A study conducted by Hanto et al. [13] investigated the impact of hydrogen blending in existing gas pipeline infrastructure on the European energy system up to the year 2050. In this context, hydrogen blending sensitivity factors were integrated into the Global Energy System Model (GENeSYS-MOD). Consequently, the result shows that European hydrogen demand is inelastic and constrained by high costs and specific applications. The incorporation of 100% blending increases hydrogen production in Europe by about 0.17% in 2050 compared to no blending. Additionally, blending significantly influences hydrogen production and trade at the regional level, particularly for countries using existing natural gas pipelines. Despite stable hydrogen production and demand under different sensitivity variations, there are significant differences at the national level. The study model describes Norway’s crucial role as a hydrogen exporter, projecting an increase from 44.0 to 105.9 TWh in 2050. This value is consistent with the elevated blending proportion, leveraging existing gas pipelines. Meanwhile, Turkey and Spain maintain their positions as important exporters with marginal export decreases. France, Germany, and Italy arise as the primary hydrogen importers in 2050, with Germany witnessing increased imports primarily due to rising hydrogen exports from Norway. These results show how blending proportions and geographic proximity shape the dynamics of hydrogen trade in Europe.

Aditiya et al. [14] explored the potential for countries in the Asia-Pacific region to integrate hydrogen energy into their energy portfolios. Furthermore, the study evaluated their domestic energy capacity (DECP index), social components (HPI index), national economic strength (GDPI index), and progress in research and development (RDEI index). Current hydrogen strategies show that Japan, South Korea, Australia, and New Zealand have the potential to lead in establishing the Asia-Pacific Hydrogen Valley. Simultaneous increases in RDEI and HPI values signify significant progress in hydrogen research and development with low social uncertainty toward energy transition scenarios. Singapore and Brunei Darussalam, with the highest GDPI values, have the greatest potential to financially support the Asia-Pacific Hydrogen Valley. Meanwhile, countries with substantial energy capacities, such as Brunei Darussalam and Australia, enjoy a competitive advantage in providing energy resources. Indonesia, Malaysia, Thailand, and Vietnam are identified as the next potential energy suppliers based on their current capacity in energy production per unit. Countries with low operational costs and geographical advantages, including the Philippines, Indonesia, Vietnam, and Thailand, become viable candidates for hydrogen energy infrastructure and transit hubs in the Asia-Pacific Hydrogen Valley supply chain.

3  Case Review

3.1 Japanese Power Plant Potential

Until now, Japan’s dependence on fossil energy was significant reaching 87.4% with a renewable energy mix of 57.1% hydro, 32.6% Solar PV, 5.8% wind, 3.8% biomass, and 0.7% geothermal until 2020 [15]. The main purpose of using hydrogen, which is harvested from other energy conversions, is to improve the renewable energy consumption that is commonly used today [16]. Therefore, it drastically reduces the use of fossil fuels and increases energy availability as well as the independence ratio. However, preliminary studies have shown that Japan’s energy independence is still low with a continuous decrease in rate due to an increase in the amount of fossil energy imported. In 2010, the energy independence was 20.3%, which drastically decreased to 11.3% in 2020 [17].

The use of this hydrogen energy provides the potential for a more significant reduction in CO2, and when compared to the TIMES model scenario in France, it only relies on the bioenergy sector, without the ability to reduce GHG emissions [18]. Another alternative scenario with lower carbon emissions is nuclear [19,20]. Unfortunately, the Fukushima Nuclear Power Plant Tragedy has lowered public confidence in the use of this energy source [21].

3.2 Japan’s Hydrogen Society

The hydrogen society in Japan is planned to be implemented by 2050 when hydrogen will be the main fuel for transportation and residential use. Hydrogen can be obtained from natural gas, heavy oils, coal, naphtha, biomass, and water [22]. Hydrogen is more environmentally friendly and contributes to the worldwide sustainable development targets [16]. In transportation, hydrogen is a promising fuel because of three advantages: GHG emissions reduction, energy security, and reduction of local air pollution [23]. The main challenge facing hydrogen fuel production is its high cost, and because the hydrogen production process requires many resources, the infrastructure is still under development.

In the current situation, fuel cells for personal and industrial use have been released onto the market. Fuel cells for homes have been available since 2009, and fuel cells for cars since 2015. Continued improvements and cost reduction will bring hydrogen into the mainstream. By 2020, the price of hydrogen has the potential to be cost-competitive with that of fuels for hybrid vehicles, and Japan plans to popularize hydrogen in connection with the 2020 Tokyo Olympic Games by using hydrogen fuel cells in buses and other public services [24]. By 2025, fuel cell vehicles will be competitively priced with hybrid cars. In homes, Japan is pursuing subsidy policies towards the installation of 1.4 M Ene-Farm fuel cells by 2020 and 5.3 M by 2030 [25].

The introduction of a hydrogen society in Japan will require several adaptations to the current infrastructure, along with further development of technologies, many of which are already underway. For example, hydrogen fueling stations will be distributed throughout the country. At first, supplies of hydrogen will need to be imported from overseas, but domestic power plants are also planned. Central control centers with advanced computer systems, and cumulative server batteries will also play their part in managing power generation, supply, and demand.

An essential key to achieving a “hydrogen society” is reducing the cost of hydrogen fuel and related technology throughout the entire value chain. This strategy places a significant emphasis on lowering hydrogen production and procurement costs. The main objective is to achieve an 80% cost reduction by around 2050, making hydrogen fuel competitive with natural gas. In 2018, the cost was around 100 yen/Nm3, with a long-term projection to decrease to about 20 yen/Nm3 (from approximately $0.90/Nm3 to $0.17/Nm3). Japan also emphasizes that hydrogen should be carbon-free after 2050 [26].

Fossil fuel production methods often result in high emissions, which require a combination of Carbon Capture and Storage (CCS). In the advanced stages of decarbonization, several components such as biomass, hydrogen, and CCS become the main energy options, contributing approximately 48.2%–70.5% to the total decarbonization potential by 2050 [27].

3.3 Hydrogen Power Plant

Hydrogen fuel can also be used in the power generation sector to replace fossil fuels. Within this sector, hydrogen can be utilized in fired and firing technology. The specific energy of the lower heating value (LHV) is approximately 120.21 MJ/kg, which is higher than natural gas or any liquid fuels such as crude oil, gasoline, diesel, naphtha, and propane [28]. This gives the potential for hydrogen to be a highly efficient, abundant, flexible, and clean power source.

Investigation of the pure hydrogen burning and its mixture at the small scale of an internal combustion engine (ICE) has been researched. It is often mixed with gasoline, ethanol, and diesel oil. This combination reduces emissions and improves efficiency. Furthermore, the application of Hydrogen in Brayton cycles can be used in hydrogen-fired and co-combustion power generation. However, the challenges include the cost and Nitrogen oxides (NOx). Research indicated that pure hydrogen burning increases the level of NOx. Details about NOx resultant from gas combustion are presented in Chiesa et al. [29]. The paper illustrates the relationship between the NOx emissions at stoichiometric flame temperature placed in a gas turbine with a pressure of 12–16 bars. It is recommended that the temperature and emission levels for NOx should be below 2600 K with a respective NOx quantity of about 200 ppm. Any increase in hydrogen gas leads to an increase in flame temperature, which results in higher levels of NOx emissions. The recommended temperature in the gas turbine should be approximately 2300 K for pure hydrogen resulting in a NOx concentration of 50 ppm. NOx emissions have been the major challenge facing the production and use of hydrogen fuel in turbine-based generation of electricity.

4  Materials and Methods

To derive a potential future Japanese energy system solution by introducing hydrogen into the system, the MARKAL-TIMES code, originally developed by the IEA is employed. MARKAL is an optimization model developed by the Energy Technology Systems Analysis Program (ETSAP) from IEA [30]. Fig. 2 demonstrates the MARKAL-TIMES code generation framework employed in this study.
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Figure 2: Markal-Times’ code generation framework [30]

The MARKAL-TIMES method has the advantage of a high level of technical detail and is used to study the entire energy sector at a regional, national, or global scale [31]. Statistically, this method provides advantages for multivariate analysis, so that it can analyze complex variables [32]. It is very popular in modeling carbon emission reduction nowadays. In Europe, especially in France, the TIMES method is used for assessing GHG mitigation and associated costs in the biofuel sector [18]. As in Denmark, it is used for energy system models in the transportation sector [33,34]. In the UK, this method is used to determine the effect of heating technologies on households to achieve the UK’s 2050 greenhouse gas reduction targets [35,36]. As for Asia, especially Japan, this method is used in industrial carbon capture storage (CSS) [37]. Meanwhile, in China, the TIMES method is used in the building sector [38]. A comparative study between China and America was also carried out on carbon reduction in the transportation sector [39]. Furthermore, more extensive research on a global scale also uses this method to reduce carbon in indirect life-cycle carbon dioxide emissions [40] and decrease the rate of increase in global temperature below 2°C [41].

4.1 MARKAL-TIMES Japan Framework

To run the MARKAL-TIMES code generator, a specific energy framework model is required. The Japanese framework was developed by the Japan Atomic Energy Agency (JAEA). The framework was later updated by Kurosawa & Hagiwara, from the Institute of Applied Energy, detailing demand estimates and primary energy supply pricing [42]. Before this framework can be utilized, a reference energy system is required, to describe the initial energy system. Fig. 3 outlines the key factors of the reference energy system.
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Figure 3: Reference energy system in the Japanese energy model [42]

4.2 Reference Energy System (RES)

A reference energy system (RES) has been developed as a network representation of how energy is extracted, distributed, and utilized from source to end-use activity in Japan. Each link in the network represents a step for which data such as efficiency, environmental impact, and cost may be specified. The RES can be updated annually and changed to reflect different levels of energy demand, different sources of energy, and the impact of new technologies. Japan’s RES begins with energy resources, which consist of renewables, imported uranium, and imported or domestic fossil fuels. Fuels such as coal and crude oil can be further defined as coking coal, steam coal, anthracite, liquefied petroleum gas (LPG), kerosene, jet fuel, naphtha, gasoline, and heavy fuel. Next in the network are the conversion technologies: Renewable power plants, nuclear power plants, LNG-fired or coal power plants, and oil-fired thermal plants. All energy resources and conversion technologies lead to the same output, electricity, which is transmitted to meet demand in all sectors including commercial, residential, transportation, industrial, and storage.

4.3 Hydrogen Flow System

In this paper, we are focusing on a hydrogen society model. Therefore, the hydrogen flow in the Japanese energy system should be developed to incorporate the RES system as presented in Fig. 4. It illustrates the potential hydrogen flow scenario within the Japanese energy model from production through to end-use. Hydrogen will be produced overseas and imported to Japan. In anticipation of this, Kawasaki Heavy Industries Ltd., and the Iwatani Corporation have partnered with Kobe City to build a liquefied hydrogen import hub [43]. Hydrogen can be transported in liquid form or can be chemically carried using methylcyclohexane (MCH) for example Binding hydrogen with a chemical storage material can increase its density, making it easier to transport in large volumes.
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Figure 4: Hydrogen flow in Japan energy model [42]

Other possibilities include liquid, compressed, or slush hydrogen which can be stored in cryogenic tanks, and large quantities can be stored underground in caverns, salt domes, or depleted oil and natural gas fields. The model uses these pure hydrogen pathways with the assumption no CO2 emission is generated during combustion. It is also assumed that the hydrogen-fired plant is supplied from the import scheme, therefore there is no local hydrogen supply.

For chemical carriers using MCH, hydrogen is used in natural gas-hydrogen co-combustion plants. It may be initiated in 2030, and there will be no hydrogen import at that time. We presume that the price of hydrogen will be 35 JPY/NM3 [44] which will remain fixed from 2030–2050. Natural gas fuel is supplied in this firing plant. In the BAU scenario, there are no co-combustion plants, only LNG combined cycle plants, using natural gas as a fuel.

Hydrogen is also dispensed from refueling stations for use in hydrogen fuel cell automobiles. The Ministry of Economy, Trade, and Industry (METI) of Japan has targeted 40,000 hydrogen fuel-cell vehicles by 2020, supplied by 160 refueling stations. Currently, more than 135 stations are in operation in Japan until 2020 [45].

4.4 Scenario Setting

As presented in Table 1, two scenarios are investigated: BAU and Hydrogen. Only for the hydrogen scenario is the 80% emission reduction target applied in 2050, reducing emissions to approximately 261 million tons of CO2. Nuclear is predicted to be phased out within its 40-year plant lifespan in this study. There is vigorous debate regarding the future approach toward fossil fuels in Japan, with some commentators advocating the investment in additional plants, as well as proponents of phase-out approaches. Within the phase-out approach, some researchers also consider extending the life span of existing plants to 60 years. In this paper, however, we maintain the original estimated life span of 40 years for fossil fuel and nuclear plants.
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5  Results and Discussion

5.1 Primary Energy Supply

The BAU and hydrogen scenario generation capacities are shown in Fig. 5. Each scenario has a significantly different primary energy supply. Since there is no hydrogen import in the BAU scenario, fossil fuel will be the main contributor until 2050. Meanwhile, in the hydrogen scenario, the contribution due to hydrogen begins in 2025 with a small amount. By 2030 the hydrogen contribution will increase to 43 PJ. By 2050 the hydrogen contribution peaks at 2,160 PJ. The fossil fuel contribution in this scenario has been largely replaced by hydrogen fuel and renewable energy. Renewable energy constitutes a large portion of 2050, contributing 8,991 PJ. The total primary energy supply overall is not significantly different between the scenarios. The BAU scenario has a total primary energy supply of 15,643 PJ, while the hydrogen scenario has a slightly lower total supply of 14,903 PJ.
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Figure 5: Primary energy supply in BAU (left) and hydrogen scenario (right)

The total primary energy supply for both scenarios is not significantly different but has an impact on the national energy system. This result is consistent with results from a case study in Korea, showing that the hydrogen supply chain scenario will significantly impact the primary energy portfolio in the national energy system [46]. Consequently, policymakers, business actors, and engineers need to carefully consider changes in economic and technological structures to support the implementation of this hydrogen scenario. Sgarbossa et al. [47] proposed that hydrogen supply should be diversified, such as centralized production with renewable energy, including wind and solar energy, or using electricity generated from large-scale hydropower plants. Based on a case study in China addressing challenges in developing the hydrogen supply chain, high construction costs, and technological challenges, Ren et al. [48] suggested active participation in international cooperation.

5.2 Emission Reduction

Fig. 6 shows the emissions produced in each scenario’s energy system within the five sectors of power generation, industry, residential, transportation, and energy conversion. The green bar shows the amount of CO2 hat is sent to storage. Meanwhile, the red line shows the difference in total emissions from the five sectors including emissions sent to storage. Neither of these scenarios considers CCS capacity specifically, thus, there is no difference in net storage volume after collection.
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Figure 6: Emission reductions before (left) and after the hydrogen scenario is applied (right)

In the BAU scenario, there is no emissions reduction target. The development of the energy system is determined by the cost and the market without any policy driver. Meanwhile, the policy driver behind the hydrogen scenario to reduce 80% of CO2 emissions is achieved through a large penetration of hydrogen. Total emissions from both scenarios in 2050 are 939 and 261 million tons of CO2 for BAU and hydrogen, reconversion. This means that there is a reduction of 27% in the BAU scenario, and a target-meeting 80% for the hydrogen scenario. The emission reduction from BAU is mainly due to decreasing demand. In the hydrogen scenario, however, hydrogen fuel is the main contributor, especially in the power generation, conversion, and transportation sectors. Industrial emissions reduction does not have a significant impact on overall CO2 reductions, reducing by approximately 43%, however, power generation emissions are the greatest, reducing by approximately 93%. Residential and transportation sectors reduce emissions by approximately 87% and 88%, respectively.

The implementation of hydrogen use shows that carbon reduction occurs when balanced with efforts to promote environmentally friendly renewable energy and reduce fossil energy usage. The scenario of increased renewable energy use is further explained in Fig. 7. Research by Ren et al. in China found an increased adverse effect in the transportation sector due to the use of hydrogen derived from fossil energy [49]. This occurs because hydrogen from fossil fuels generates greenhouse gas emissions cycles two to three times higher than internal combustion engines. Consequently, Boretti [50] conducted a case study in Australia, focusing on the use of natural gas and coal for hydrogen production. The result suggested the need for Carbon Capture Storage (CCS) to achieve carbon emission reduction targets. Zou et al. [51] also stated that solar, wind, hydropower, nuclear, and hydrogen energy are the main forces of new energy, assisting the power sector in achieving low carbon emissions. However, an Australian study conducted by Milani et al. [52] showed that hydrogen production methods using fossil fuel cracking through steam methane reforming (SMR) or coal gasification integrated with CCS are cheaper than electrolysis methods.
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Figure 7: Total electricity generation in TWh in base (left) and hydrogen scenario (right)

5.3 Electricity Generation Supply

As previously described, the sharp decline of power generation in the hydrogen scenario is due to hydrogen power plants, based on imported hydrogen; both in the form of co-fired and co-firing plants. Both types of power plants are assumed to be deployed by 2025, as shown in Fig. 7. With zero emissions, the two types of power plants will replace fossil and nuclear generation. Power generation from hydrogen by 2050 is estimated at 153 TWh. This is less than the contribution from PV and wind power at 492 and 330 TWh, respectively.

Under the BAU scenario, fossil fuel is still the mainstay of the system, predominantly coal. Oil and gas will phase out along with nuclear power. MARKAL-TIMES is more likely to choose coal because these fuels are the cheapest. Coal itself has two technological options by the set-up of the Japanese framework, namely conventional pulverized coal, and integrated gasification combined cycle (IGCC) with low emissions.

The increased use of renewable energy in the hydrogen scenario compared to the Business-As-Usual (BAU) benefits Japan regarding energy independence. Ji et al. [53] stated that Japan is still significantly dependent on OPEC oil imports for a long time, accounting for 80% of total imports. Therefore, political uncertainty and oil trade policies in OPEC countries have a significant impact on the oil import security of the country. Wang et al. [54] found that China and Japan had high trade dependencies with Turkmenistan, Kazakhstan, and Uzbekistan in importing natural gas. Moreover, Japanese trading companies have dependencies on coal-fossil energy sources in Australia and Indonesia [55]. Therefore, Trencher et al. [56] recommended various policy paths and institutional reform measures to promote the deployment of renewable energy sources while reducing dependence on coal.

Apart from reducing dependence on fossil energy in the hydrogen scenario, Japan benefits from the use of locally sourced renewable energy. Cheng et al. [57] identified renewable energy potential in Japan with a result of 4,000 GW of solar PV potential and over 2,000 GW [57]. With these combinations, the power plants represent an annual generation of more than 13,000 TWh, which is 14 times larger than the current generation. Furthermore, Wu et al. [58] found that the total technical bioenergy in Japan can reach 3.43 to 3.78 EJ/year in the 21st century, equivalent to 17.3%–19.1% of the current primary energy supply of the country. Gao et al. [59] discovered that the willingness to pay (WTP) of the Japanese public for renewable energy continuously increased from 2015 to 2030, between approximately 1000 and 2400 JPY/(household·month).

6  Conclusion

The conclusions and policy implications of this paper can be summarized as follows:

•   Hydrogen-based energy is one of the strategies that could be adopted in Japan to reduce emission levels. With an 80% emission reduction target, it is necessary to make radical changes in the future energy system through the adoption of new technologies.

•   A comparison of the BAU energy supply scenario and the hydrogen scenario shows significant differences through to 2050. Under a BAU scenario, which does not have an emissions reduction target, GHG reductions occur because of a decreasing demand of 27%. This reduction is insufficient to achieve the goals of the Kyoto Protocol. Under the hydrogen scenario, 80% emissions reduction can be achieved by 2050 with an overall GHG emission level of 261 million tons of CO2.

•   The power generation sector accounts for a large percentage of emission reductions in the hydrogen scenario, some 93%. Meanwhile, residential and transportation uses of hydrogen account for contributions of approximately 87% and 88% in each sector. While the overall target of 80% across all sectors is met in the hydrogen scenario, the industrial sector only reduces intra-sector emissions by 43%.

•   The nature of the Japanese energy system heavily influences where the best reductions can be made, and this is a strong indicator for encouraging a majority effort in the power generation, transport, and residential sectors to engender the future hydrogen economy in Japan.

Based on the results, discussions, and conclusions, the research shows that policymakers are required to consider the hydrogen scenario by supporting regulations to achieve the Paris Agreement targets. Several stakeholders including businesses, engineers, and researchers also need to provide support for financing business sectors, infrastructure, and supporting technologies to ensure the optimal implementation of the hydrogen scenario. The continuous increase in WTP of the Japanese public towards renewable energy, as found by Gao et al. [59] is a positive sentiment for supporting the implementation of the hydrogen scenario that should not be ignored.
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