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Abstract 
 

 

The first chapter: Introduction. 

In this chapter, we describe a brief history of renewable energy and the concept of solar to 

gas conversion to realize a zero-carbon society. This chapter explains the basic techniques of 

the electrolysis process and methanation reaction. This chapter also provides the objectives and 

outlines of this thesis. 

The second chapter: Evaluation of a Sabatier reaction utilizing hydrogen produced by 

concentrator photovoltaic modules under outdoor conditions. 

This chapter explains the concept of outdoor solar to gas conversion system experimental 

procedures, the results of the methanation system, and the estimation method of solar to 

methane conversion efficiency performed at the University of Miyazaki, Japan. Solar-derived 

outdoor methanation system was operated using highly efficient InGaP/InGaAs/Ge triple-

junction concentrator photovoltaic (CPV) modules and Ni-based ZrO2 catalyst. The 

methanation reaction was conducted on the solar-derived hydrogen and pure CO2 supplied via 

a tank. DC/DC converters and polymer electrolyte membrane (PEM) cells were utilized to 

generate hydrogen from solar energy. They were connected in parallel with three CPV 

modules. 

In this study, we investigated the performance of methanation reaction on a sunny day and 

an overcast day. CO2 to CH4 conversion efficiency was analyzed by varying operating 

temperatures and stoichiometric ratios. Then, optimum parameters (setting temperature of the 

reactors) that provided a high CO2 to CH4 conversion were determined. The amount of methane 

generation was calculated on the amount of hydrogen provided to the methanation system. The 

conversion efficiency of solar to methane was estimated on the stored energy of generated 

methane, the input sunlight energy, and the energy required by the reactors. 
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Since the reactors required initial energy to activate the reaction, external electricity was 

supplied to the reactors. Accordingly, the energy consumption of the reactors was studied under 

two operating conditions. Moreover, the methanation reaction is a heat release process. 

Therefore, we measured the temperature of the reactors and analyzed it on the operating set 

temperature during the reaction process. Results in this study provided that the temperature of 

the first reactor increased over the set temperature (260 °C) while the second reactor was 

constant at 260 °C. Whereas the first reactor consumed initial energy and maintained the 

reaction by its released heat. On the other hand, the second reactor required more than the first 

reactor throughout the operation period. As a result of solar to methane conversion efficiency, 

the highest outdoor value (13.8%) was achieved.  

The third chapter: Performance analysis of a Sabatier reaction on direct hydrogen inlet 

rates based on power-to-gas conversion system. 

This chapter discusses a more detailed study of the methanation energy consumption on 

the amount of hydrogen generation rate (GRH2) since generated hydrogen was directly provided 

to the methanation reactors. The amount of consumed energy in two different operating 

conditions has been introduced in chapter 2. We used solar-derived hydrogen in the study of 

chapter 2, and its outdoor hydrogen production rate was intermittent in the sunlight. Therefore, 

we regulated DC supply for the electrolysis process to steady the production rate. 

The concentration of methane was analyzed at various hydrogen generation rates and 

measured at 30 min intervals on each GRH2 at the operating temperature of 260 °C. Based on 

the results, the highest methane concentrations were observed at 0.337 and 0.449 NL/min of 

GRH2. After that, we analyzed the system on these GRH2 by varying the operating temperature 

and each operation was performed for 4 h. The results showed that the highest CH4 

concentration was identified at 220 °C and 0.449 NL/min of GRH2.  
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We measured the inner temperature of the reactors and the energy consumption of it. The 

results showed that the temperature of the reactors was steady at operating temperature owing 

to stable GRH2. The energy consumed was low at a high GRH2, whereas a low GRH2 consumed 

more energy to maintain the reaction. The results in this chapter 3 provided that a stable flow 

rate with a moderate amount of hydrogen contributed to a steady temperature of the reactors 

and low energy consumption.  

The fourth chapter: Forecasting solar-to-hydrogen and solar-to-methane energy 

conversion efficiency using Si and IMM PV-modules: a case-study in Japan. 

In this chapter, we proposed a simulation study to approximate the potential solar-to-

hydrogen (StH) and solar-to-methane (StM) conversion efficiencies of 837 locations in Japan 

(which were reported by the New Energy and Industrial Technology Development 

Organization, NEDO). Various prediction methods for the output energy of PV systems have 

been established. Miyazaki spectrum to energy (MS2E) method provided an improved 

estimation of solar spectrum on various climate conditions. Based on this method and 

meteorological test data for the photovoltaic systems (METPV-11) database, we predicted the 

output energy of PV, DC/DC converters, EC cells, and the conversion efficiencies of solar to 

hydrogen and solar to methane, respectively. 

In this study, we proposed the conversion system for two types of flat PV: Silicon (Si) PV 

and inverted metamorphic (IMM) PV and forecasted the annual output energy of these 

modules. Since the DC/DC converters and EC cells were utilized in our system, we approached 

their conversion efficiencies based on the outdoor results. Similarly, the energy consumed by 

the reactors was also approximated on outdoor performance. After that, we estimated the 

conversion efficiencies of DC/DC converter, EC cells, the methanation energy consumption, 
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amount of hydrogen and methane production in the simulation. Subsequently, we forecasted 

the annual StH and StM conversion efficiencies of these two PV systems. 

 In this chapter, we described the simulation concept and the nationwide forecasted results 

in detail. In addition, the types of PV that can provide efficient solar to gas conversion in Japan 

are discussed in this chapter. Predicted results showed that IMM modules provided higher and 

double conversion of StH and StM than Si modules. On the other hand, the results provided 

that a high conversion was achieved in the northern parts of Japan, and the solar cell’s 

conversion efficiency is one of the important factors in StG conversion system. 

The fifth chapter: Summary and conclusion. 

This chapter wraps up the results of this thesis and provides a conclusion about the 

methanation system based on our study. It wraps up the concept and wraps up each chapter. It 

also discusses some suggestions to improve the system in the future.  

In this thesis, we approached outdoor solar to gas conversion systems using highly efficient 

CPV modules and catalysts. The first step we needed to conduct was to investigate a high CO2 

to CH4 conversion under various experimental procedures. After many experiments, we were 

able to demonstrate the highest outdoor value of solar to gas conversion efficiency under a 

sunny day operation. We described the estimation methods for solar to methane conversion 

efficiency. In this study, we figured out the amount of methanation energy consumption on a 

sunny day and an overcast operations.  

The next step is to improve the system, especially to better understand the methanation 

energy consumption and maintain the reactor’s temperature at the operating set temperature by 

investigating the influence of inlet hydrogen rate on the energy consumption. We conducted 

this study by using a DC supply while regulating the hydrogen generation rate provided to the 

methanation reactors. The results proved that reactors’ temperature was uniform under a steady 
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hydrogen generation, and total power consumption decreased at a moderate and constant 

hydrogen rate. We consider these previous improvements and suggest potential solutions to 

further improve the solar-to-gas conversion system.  
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Chapter 1 

Introduction 

1.1  2050 Carbon neutral network 

Greenhouse gas emissions are a critical matter in today’s energy production. A growing 

carbon dioxide emissions and energy demand have been a significant impact on the world 

climate. Energy usage and supply, especially in electricity, heat, and transport attributed to the 

greatest proportion of global greenhouse gas emissions as shown in Fig. 1.1 [1–3]. Accordingly, 

the Paris Agreement set urgent frameworks to maintain the global temperature at 1.5 °C or less 

than 2 °C [4]. Following the Paris Agreement at the Paris conference in 2015, 197 signatory 

parties intended to build a long-term decarbonized pathway to mitigate carbon emissions by 

2050. Each signed nation establishes new energy roadmaps and submits its progress every year. 

Presently, global electricity and heat generation relies on fossil fuels which are notable 

energy sources to drive increasing pollution and global temperature. According to the statics, 

a large amount of CO2 was emitted by fossil fuel combustion, as shown in Fig. 1.2. In 2017, 

their emissions for energy production were about 32 Gt [5], and the highest amount was 33 Gt 

in 2018 [6]. In the 2021 global energy review, the international energy agency (IEA) reported 

that the global CO2 emission related to energy and industrial sectors significantly increased in 

2021 after a reduction in 2020 during the Covid Pandemic [7]. IEA projected that the global 

emissions are the potential to increase by approximately 57 Gt in 2050 if the emission continues. 

Coal, oil, and gas are the main drivers of increasing fossil fuel combustion, which are 

induced by worldwide population growth, rapid urbanization, and industrialization. They 

contributed approximately 80% of global primary energy [1]. Over the past decades, their 

consumption has significantly increased, as shown in Fig. 1.3. In comparison, coal generates 

more CO2 and air pollution than oil and gas. Nowadays, coal consumption is decreasing in 
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some countries with the awareness of climate change and adopting new technologies. However, 

oil and gas consumption are still increasing. 

 

Fig. 1.1 Global GHG emissions per sector. Data provided by ref. 3. 

 

 

Fig. 1.2 Trend in energy-related global CO2 emissions from fossil fuel combustion by 

energy and cement production, 1750-2020. According to the data reported in ref.1. 
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Fig. 1.3 Worldwide fossil fuel consumption by types, 1965-2020. According to the data 

reported in ref 1. 

As a consequence, a new significant energy policy is needed to adopt in all sectors; 

alternatively, sustainable energy production is required to meet the growing energy demand. 

Currently, the signatory countries are accelerating roadmaps to develop and deploy 2050 low-

carbon technologies. They include realizing sustainable resources by 2030 and 2050 while 

mitigating carbon usage and emission. In this regard, the electricity supply will provide a 

decarbonized network through renewable energy and fuel-based generation with carbon 

capture, storage, and utilization technologies. 

1.2 Renewable energy 

In the current global energy production, renewable sources are sustainable to bring out a 

zero-carbon society, especially solar and wind resources. Since 1990, fossil fuels provide about 

70% of global electricity generation [1]. Considering all energy perspectives, the most 
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promising method is to encourage the renewable sector to mitigate CO2 and other fuels. In the 

last few decades, renewable technologies have been developed. In the energy roadmap for the 

2050 CO2 reduction scenario, renewable energy will play a vital role in providing long-term 

electricity production to substitute for fuels [7]. Renewable energy will share almost 50% of 

global electricity generation in the future energy outlook [2]. 

Solar (including photovoltaic and concentrator photovoltaic) and wind technologies have 

been developed over the past years. They shared two-thirds of renewable growth [7]. According 

to the 2021 BP statistical report, the expansion of global renewable generation is rapidly 

increasing year by year [8]. The highest growth is in the wind solar power generation, as shown 

in Fig. 1.4 [7, 8]. Electricity generation by photovoltaic (PV) technology is clean and 

sustainable since solar radiation is directly converted to electrical energy by solar cells. 

Nowadays, highly efficient solar cells are commercially available in the world. Besides, several 

researchers are investigating advanced solar cells and techniques.  

Since electricity and energy demand is expected to significant grow with the world’s 

population, renewable capacity is required to cover it. However, voltage mismatching in solar 

and wind production leads to energy losses when directly integrating into the network. The 

possible solution to balance the growing demand due to the increasing global population and 

energy yield from renewable sources is to store the intermittent renewable energy. 
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Fig. 1.4 Worldwide annual renewable power generation from 2010-2020. Data copied 

from ref. 8. 

1.3  Power-to-Gas (PtG) pathway 

With growing advanced techniques, a major challenge in integrating solar and wind energy 

production into the energy mix is storage methods to compensate for their intermittent nature. 

Their electricity production varies with the seasonal condition and cannot be effectively stored 

for the long term. A stable electricity generation is required to balance supply and demand and 

penetrate renewable energy into the conventional electrical grid. The renewable pathway will 

be an environmentally friendly to cover increasing demand if the generated power is effectively 

stored and discharged. Numerous studies have been analyzed to provide efficient storage 

technology in solar and wind production, such as flywheels, batteries, super-capacitors, and the 

energy vectors [9–25].  

A flywheel storage system stores electricity as mechanical energy, such as kinetic energy 

[10]. Then, this kinetic energy is reconverted into electricity via generators, resulting in a high 

initial cost and requirement of other facilities for such a back-and-forth conversion. 
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Supercapacitors buffer direct electric field between conducting electrodes [14]. Although these 

components provide long cycle life of up to 8-10 years [9, 12], their energy density is relatively 

low, and capital cost is high. While battery storage systems are mature technologies. Various 

types of batteries are commercially available, and some are in the experimental stage. It stores 

electrochemical energy in which multiple cells are connected in series or parallel, depending 

on the desired system [10, 16]. There are conducting electrodes and electrolytes in each cell. 

However, these methods provided a short-term whereas energy vectors such as electrolytic 

hydrogen and synthetic methane could realize a flexible, long-term pathway. Integrating 

intermittent renewable energy into synthetic natural gas (SNG) is an alternative approach to 

meet the growing demand and achieve sustainable development goals (SDGs). There will be 

losses in renewable energy production when generation exceeds the demand. If renewable-

based surplus electricity is provided to generate synthetic natural gas, it will act as a flexible 

energy carrier to the conventional gas grid [10, 11, 15, 26]. Besides, it offers an adaptable 

storage medium to address the intermittency of solar and wind generation. 

 

Fig. 1.5 An overview of the power-to-gas concept. 
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Fig. 1.5 illustrates a concept of a power to gas conversion system. Renewable-based 

(mainly from solar or wind) energy is transformed into synthetic gases (hydrogen and methane) 

possessing high energy density that can substitute fossil fuels. In this approach, the electricity 

generated by the renewables is applied as an input to the electrolysis and Sabatier process. This 

technology is known as power-to-gas (PtG) as well as power-to-x conversion, depending on 

the final product. A carbon-free roadmap can be expected from the PtG conversion since the 

produced synthetic gases can be directly distributed into the natural gas grid [27, 28]. PtG 

approach offers to store and provide energy in terms of gas through the gas network whereby 

the gas is sustainable and versatile to apply for several purposes. The PtG method is attractive 

since the chemical energy can be stored and shipped for long periods.  

1.4  Japan’s energy policy 

As a signatory party to the Paris Agreement, the Japanese Government proposed long-term 

plans to reduce GHG emissions to 26% compared to 2013 levels and 40% in the residential 

sector by 2030 [29–31]. In this 2030 outline, nuclear energy will provide 20–22% of the 

nation’s electricity, as shown in Fig. 1.6. On the other hand, renewable will cover 22–24%, and 

fossil fuels account for 56% [32–35]. In Japan, 90% of country-wide CO2 emission is related 

to the energy sector [36]. So, the Government of Japan aimed to achieve carbon neutrality, 

especially in energy and industrial infrastructure, followed by transport sectors.  

The Fukushima disaster in 2011 has deepened to accelerate the development of renewable 

networks in Japan. Japan’s energy supply is currently dependent on fossil fuels imported from 

abroad, and the import price is relatively high [30, 36, 37]. In addition, as a global, Japan is the 

fifth-largest CO2 emission country [30, 38]. Following the newest policy upgraded in 2020, the 

Government of Japan is making efforts to realize a 2050 carbon-neutral network through PtG 

conversion, hydrogen production, carbon capture, storage, and utilization. In this context, the 

renewable sector occupies 50–60% of nationwide electricity generation, and nuclear and fossil 
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fuel-fired power equipped with carbon recycling techniques supply 30–40%, as shown in Fig. 

1.7. Whereas hydrogen and ammonia, combustion will share the rest of 10% [30]. 

 

Fig. 1.6 Projected energy mix of Japan in 2030. Data source: METI. 

 

 

Fig. 1.7 2050 energy mix of Japan to achieve carbon neutrality in 2050. Data 

source: METI. 
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However, nuclear power is required to improve and conform to safety regulations on both 

existing and new plants, although it is well-established decarbonized technology. Besides, there 

are no commercially operating plants for fossil fuel power with carbon capture and recycling. 

It has led to an increase in the share of renewables. It is an economically friendly perspective 

way to expand renewable energy in Japan. Currently, the Japanese Government is encouraging 

innovative technologies such as next-generation solar cells with cost reduction. Renewable 

energy is expected as a long-term primary source in the power sector [37]. Surplus renewable 

electricity is aimed to deploy in synthetic gas production by 2050 to balance the supply and 

demand.  

Hydrogen will be an alternative key to apply in the transport sector or as a sustainable fuel 

since its combustion does not emit any greenhouse gas effects. Recently, the Japanese 

Government is accelerating hydrogen production technologies (such as from renewable sources 

and industrial processes) and its use in fuel cell vehicles. Carbon-free green hydrogen 

production is expected to realize in 2050 [37]. Electric vehicles operated by hydrogen gas have 

been introduced to the market. However, hydrogen power generation is in the developing stage 

[39]. Hydrogen can contribute decarbonized network if the renewable-based hydrogen is 

available and utilized as a fuel in the transport sector. For a while, carbon recycling 

technologies are being advanced and proposed to emerge with cost reduction in 2030 [29, 40, 

41]. 

Subsequently, Japan’s PtG concept is gaining attention as an additional roadmap to a 

carbon-neutral network. Renewable solar and wind energy production is being accelerated in 

Japan. As shown in Fig. 1.8, a whole process would be a clean and sustainable approach and 

simultaneously reduce the dependency on foreign imported fuels if the surplus electricity is 

provided to generate hydrogen and methane.   
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Fig. 1.8 A power to the gas concept as a roadmap of carbon-neutral society in Japan. 

1.5  Hydrogen  

According to the energy technology perspectives 2020, the electricity demand is expected 

to increase with the increasing population. With a rapid increase in fuel cell vehicle sales and 

developments, hydrogen demand will grow in future energy scenarios. In today’s industrial 

hydrogen production, its primary supply is a non-renewable fossil fuel that results in significant 

greenhouse gas emissions. Most of its production is from natural gas and coal, while a small 

fraction is from the electrolysis process. This production from fossil sources could be effective 

in the short term if carbon recycling technology is adopted in hydrogen production industries. 

However, the whole process would increase the capital cost unless a cost-effective carbon 

recycling method was not developed. On the contrary, sustainable, and eco-friendly hydrogen 

can be obtained through simple electrolysis with renewable surplus energy. Since water 

decomposition only releases hydrogen with by-product oxygen, it has attracted various 

attention to researchers providing carbon-free fuel.  
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Besides, renewable-based hydrogen is promising and attaining three times higher specific 

energy density per mass than gasoline and kerosene. It has taken advantage of fossil fuel 

substitutes and flexible energy carriers in industries, transportation, and power-to-gas 

conversion. It can be employed in several ways and converted back to electricity. Besides, the 

generated hydrogen can further be utilized in synthesizing other fuels and methane; as a result, 

the whole process minimizes the carbon footprint. Beyond 2030, hydrogen will be a primary 

fuel for Japan’s future energy as an environmentally and economically footprint. Fuel-cell 

electric vehicles powered by hydrogen have been launched and commercially available both in 

Japan and globally. In addition, several hydrogen fuelling stations are in operation and 

promoting [42–44]. By 2050, the share of hydrogen is expected to increase in Japan and 

contribute to 13% of the nation’s energy supply [39, 43]. Currently, technical developments in 

hydrogen research are being accelerated in Japan.   

1.5.1 Types of water electrolysis  

Nowadays, various methods and studies on hydrogen production from renewable sources 

have been established. The simple technique to generate large-scale hydrogen is water 

electrolysis since water is one of the most abundant natural sources in the world. Depending 

on the electrolytes used for the electrolysis, the type of the electrolyzer and their operations are 

different. Commercially available methods are alkaline electrolysis (AEL) and proton 

exchange membrane (PEM) electrolysis. In that former type, the primary solution to perform 

electrolysis is an aqueous solution, and OH- ions are the major carrier to generate hydrogen. 

The latter is also known as the polymer electrolyte membrane method. In the PEM type, 

deionized or ultrapure water is utilized, and H+ ions are moved through the membrane to 

produce hydrogen. While high-temperature solid oxide method is promising and currently in 

the development phase. Accordingly, the concepts of two mature technologies (AEL and PEM) 

are provided in this section. 
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1.5.1.1 AEL electrolysis method 

Alkaline technology is well-established and cost-effective one among the electrolysis 

method. As shown in Fig. 1.9, the AEL electrolyzer consists of a permeable membrane, two 

electrodes, and an electrolyte (KOH or NaOH solution). Aqueous electrolytes are provided, 

and the membrane separates the two electrodes are immersed in the aqueous solution. During 

the electrolysis process, hydroxide (OH-) ions are moved through the electrolyte, as shown in 

equations (1) and (2). It normally operates within a temperature of 70–140 °C and pressure of 

1–200 bars [45]. It provides 60–70% efficiency [46].  

Anode reaction: 2OH- → 1/2O2 + H2O (l) + 2e- (1) 

Cathode reaction: 2H2O (l) + 2e- → H2 (g) + 2OH- (2) 

AEL electrolysis is suitable for large-scale production. Although it is economically well-

developed, it remains drawbacks in system operation, such as hydrogen gas permeation, low 

operating current densities, and corrosion due to electrolytes. 

 

Fig. 1.9 Overview configuration of AEL electrolysis. 
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1.5.1.2 PEM electrolysis 

Whereas the PEM method provides flexible advantages over AEL, which include providing 

high current density, compact design, and high energy conversion efficiency [47–58]. A PEM 

electrolyzer is composed of a thin-film membrane electrode. Nafion membrane performs as a 

separator in which noble anode and cathode catalysts are attached at both ends of the membrane, 

as shown in Fig. 1.10. Only pure water is provided to the system, which splits into a proton 

(H+) and oxygen at the anode. Then, H+ ions are passed through the electrode membranes. As 

provided in equations (3) and (4), hydrogen gas is generated at the cathode. PEM electrolyzers 

are efficient about 65–85% [46].  

Anode reaction: H2O (l) → 2H+ + 2e- + 1/2O2 (g) (3) 

Cathode reaction: 2H+ + 2e- → H2 (g) (4) 

The system provides highly pure (99.99%) hydrogen. It is suitable for small-scale 

production, while up to now, there are challenging obstacles like high-cost novel catalysts and 

degradation aspects on PEM cells. Various researchers are conducted to develop the system’s 

performance and reduce its high capital costs on low-cost metal catalysts. 

 

Fig. 1.10 Overview configuration of PEM electrolysis. 
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1.6  Methane  

In addition to hydrogen, renewable energy can bring out synthetic methane with a further 

step of carbon dioxide hydrogenation. There were numerous efforts to develop ways to capture 

CO2 and reuse it as a feedstock to lessen the CO2 emission. As an alternative pathway, CO2 

can be transformed into various carbon-based compounds such as methanol, hydrocarbon fuels 

or methane, esters, ethers, and etc [59]. Although hydrogen provides attractive advantages, its 

technologies still have challenging issues to improve in storing gas, transportation, and 

combustion. Combining technologies, renewable surplus electricity, and CO2 is the key 

promoter for renewable production and recycling CO2. CO2 can be captured through biomass 

gasification [60] and fermentation [61]. Several studies have been conducting to integrate the 

captured CO2 and H2 to obtain fuels such as methanol or ethanol [62, 63]. But the technique 

requires further analysis to develop commercially in infrastructures.  

Hydrogen-based methane production is a flexible and prospective route to employing 

renewable energy as an effective alternative to diminishing carbon footprint and fossil fuel. 

Natural gas, mainly composed of methane, is a well-known core fuel in the global energy 

system. If methane is produced from non-fossil sources and used as a fuel, its combustion offers 

fewer pollutants and greenhouse gas emissions, providing better environmental benefits. 

Additionally, it contains a higher energy density than H2 and other fossil fuels. Methane can be 

generated via CO2 hydrogenation through catalyst-packed reactors under renewable energy. 

Herein, hydrogen driven from renewable energy through water splitting and CO2 in a pure state 

or carbon recycling are used as reactants in methanation reactions.  

Recently, there has been increasing interest in solar-driven carbon-based fuels such as 

methane. The storage gas is versatile to reconvert to electricity, apply to heating and cooling, 

and to use as a fuel in the transportation sector. The system is more flexible to connect to the 

conventional gas grid. The infrastructures for methane transportation and combustion 
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technologies have been established. Besides, generated CO2 can be recycled after methane 

combustion. Alternatively, it can consecutively utilize as a feedstock in the Sabatier reaction 

through carbon recycling techniques. The integration of two technologies: renewable-based 

hydrogen and Sabatier reaction, does not emit CO2 into the atmosphere and can repeatedly 

apply CO2 into the system. In this way, the resulting methane is a sustainable and promising 

candidate for carbon neutrality if the carbon capture and utilization technology are realized.  

1.6.1 Biological methanation 

The methanation process can be performed chemically or biologically, in which the latter 

is applied in biogas production. This technique has been known for the past few decades; 

however, there are still requirements to develop technically. In this process, a biocatalyst, 

microorganism, is provided to proceed with the conversion. The biological methanation 

process operates at low temperatures (30-60 °C), whereas the reaction is slow, has limitations 

in massive hydrogen transfer, and is less flexible [27, 64]. Since the reaction proceeds in the 

aqueous solution with the support of a microorganism, the challenging issue is the poor 

solubility of hydrogen fed to the reaction. It results in a low reaction rate and conversion, and 

needs multiple consecutive reactors compared to an adiabatic fixed-bed type [27]. Accordingly, 

several concepts of reactors are being established to reduce these limitations [27, 65]. 

1.6.2 Sabatier reaction 

In this section, the operating parameters related to catalytic methanation are discussed. 

Hydrogenation of CO2 on hydrogen obtained by the renewable-based electrolysis is known as 

the Sabatier reaction [27, 28, 64, 65], as below:  

CO2 + 4H2 ⇌ CH4 + 2H2O   ∆H°298 = -164.9 kJ/mol (1) 

Depending on the operating parameters such as temperature and catalysts, undesired kinetic 

barriers like CO formation (which is known as reverse water gas shift reaction) and catalyst 
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sintering can initiate. Providing low temperatures is required due to this reason since these 

barriers are mostly preferred at a high-temperature operation [27, 64, 66–73]. The methanation 

reaction is an exothermic process, and it releases extreme heat during the process. In addition, 

thermodynamic equilibrium limits this reaction. The conversion to methane can be enhanced 

at low operating temperatures. Typically, the operating parameters are between 200 and 500 °C 

[27, 64].  

Since the thermodynamic equilibrium of the methanation favors low temperatures, it 

requires a high catalyst to enhance methane yield within low temperatures. The preferable 

noble catalysts in the Sabatier reaction are Group VIII metals such as Ru, Rh, Ni, Co, Pd, Pt, 

Ir, and Fe [74]. Herein, Ni-based catalysts are widely used in CO2 methanation due to their low 

cost and high CO2 to methane selectivity [68, 69, 75–81]. In addition, another material is 

required to support the activity of Group VIII catalysts. State of the literature review, Ni 

supported Al2O3, TiO2, SiO2, CeO2, MgO, ZrO2, and zeolite catalysts have been commonly 

examined to promote the conversion efficiency of CO2 to methane [69, 70, 76, 77, 82–84]. 

Besides, various research efforts have been endeavored to enhance the catalytic activity using 

different synthesis action processes [65, 72, 73, 85–90].   

Besides temperature and catalysts, the types of reactors coupled with them are also crucial 

factors in the Sabatier reaction. The process releases extreme heat during the reaction. 

Accordingly, it requires selecting the appropriate reactors that can relatively cope with the heat 

to avoid damage to the catalysts. In some cases, the released heat is effectively provided to the 

system. There are various reports about the types of reactors that can adapt to methanation [86, 

91–98]. The most commercialized designs are fluidized-bed reactors and adiabatic fixed bed 

reactors. Fixed-bed adiabatic reactors packed with catalyst pellets are commonly used in the 

methanation process [27]. These rectors have been utilized in industrial operations. However, 

controlling temperature and heat dissipation in that type can be challenging because a hot spot 
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can favor heat management [99, 100]. Fixed-bed reactors require multiple reactors (at least 

two) in series connection since heat exchange are typically provided within or between the 

rectors to cool the reactant gases before passing to the next reactor. By doing so, the reaction 

temperature of the next reactors becomes reduced and attains a high conversion. However, this 

may cause undesired energy losses. Among the other types of reactors, fixed-bed adiabatic 

reactors are a simple design, have low investment costs, and well-established method [64].  

1.6.2.1 Effects of parameters 

As mentioned above, the reactor temperature and the supported catalysts are the primary 

cores of the methanation system. Additionally, the performance of reactors is essential to 

withstand the released heat and adapt to the quick temperature change during the reaction 

without affecting the catalysts. Catalysts can be degraded by the operating parameters, 

especially the temperature. Catalyst sintering or cracking is typically proceeded by this 

temperature variation and significantly minimizes their activity. It is a process where the 

catalyst suffers a loss in the active area due to physical change when it is subjected to a high 

temperature. Furthermore, coke or carbon formation is one of the common undesired barriers 

since hydrocarbons are decomposed at high temperatures approximately above 500 °C 

resulting in coke. When the coke deposits, it will deactivate the catalyst [27, 101]. 

Accordingly, it is required to emphasize the operating temperature concerning applied 

catalysts. Alternatively, selecting efficient catalysts that exhibit comparatively high activity in 

low-temperature operations is crucial. Nowadays, the concepts of reactors have already been 

developed with their optimum characteristics. Several studies have been conducted on the 

performance activity of various catalysts while maintaining a high methane selectivity. 

Moreover, numerous research groups have focused on selecting the appropriate temperature 

that can provide the highest conversion while the type of catalyst is fixed.  
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1.7  Objectives of the research 

This study aims to analyze the solar to gas conversion concerning the operation parameters 

under actual field operation and to provide the potential conversion efficiency in Japan based 

on the outdoor test performed at the Nishioka Laboratory, the University of Miyazaki.  

Problem statement 

1. Unlike hydrogen production, the methanation system is complex because the reaction 

is thermodynamically limited by temperature. Therefore, we analyzed the system 

operation to provide a high methane conversion with an optimum operating condition. 

2. After many experiments, we found that the methanation energy consumption is related 

to the rector’s temperature and hydrogen flow rate. The conversion efficiency can be 

improved by decreasing the reactor’s energy consumption. The energy consumption 

decreased by providing a stable and moderate hydrogen flow rate. Hydrogen production 

fluctuates on the electricity provided by solar energy. In this study, it was consecutively 

applied to the methanation. Therefore, it is crucial to identify the minimum hydrogen 

flow rate required for the rection. The higher the flow rate, the faster the reaction with 

a high temperature.  

To investigate this, we controlled hydrogen flow and analyzed the energy consumption 

while maintaining the maximum conversion efficiency and minimizing the temperature. 

3. To realize the solar to gas conversion in Japan, it is essential to estimate the potential 

conversion efficiency of the intended places before implementation. Additionally, 

conversion efficiency is a crucial factor in estimating the overall capital cost of the 

system. Therefore, we approached the potential conversion efficiency at 837 places in 

Japan based on the optimum outdoor results.  
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1.8  Outlines of thesis 

This thesis is organized and divided as follows: 

Chapter 1 

This chapter aims to introduce the basic knowledge and general introduction to proceed 

with the following chapters. It includes the concept of the system, objectives of the research, 

and outlines of this thesis. 

Chapter 2 

This chapter provides an approach to the solar-to-gas conversion system installed at the 

University of Miyazaki, Japan. The concept of outdoor solar to hydrogen and solar to methane 

systems is described in detail. Additionally, the components of actual solar to gas conversion, 

such as concentrator photovoltaics, the DC/DC converters, the electrochemical cells, and the 

methanation system, are provided. The experimental procedures and attempts to perform the 

methanation system are fully described. The methanation system was investigated on sunny 

days and cloudy days. The operation parameters and methane concentration were analyzed. It 

also describes the estimation methods for solar to methane conversion efficiency. The concept 

of methanation energy consumption is outlined in this section.  

Chapter 3 

Chapter 3 focuses on a detailed analysis to better understand the power consumption of the 

methanation system on the hydrogen generation. The factors increasing its consumption are 

reviewed to improve the system with less energy consumption. Although the heat released 

during the reaction maintains the reaction and reduces power consumption, extreme heat can 

result in catalyst degradation. Therefore, it is crucial to decrease the heat without increasing 

the power consumption while improving the methane concentration.  

The reaction rate is mainly dependent on the flow rate of the feed gases, and it is the main 

factor of the reaction heat. Furthermore, hydrogen from the solar-based electrolysis is provided 
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to the methanation system. Therefore, in this section, the influence of hydrogen flow rate on 

the energy consumed by the Sabatier reaction is highlighted. In addition, methane 

concentration is analyzed at various hydrogen generation rates. Improving or maintaining the 

methane concentration while minimizing the operation temperature and power consumption is 

also important.  

Chapter 4 

In this section, an approach to estimate the potential solar-to-hydrogen and solar-to-

methane conversion efficiencies at 837 places in Japan is expressed in detail. It is important to 

identify the efficient system providing a high conversion on the intended locations prior to 

realizing the outdoor implementation. Based on the outdoor results, nationwide annual solar-

to-gas conversion efficiency from the flat-PV modules was proposed and approximated. The 

simulation concept to approach the conversion efficiencies of each part is fully described. The 

nationwide forecasted results are provided in graphs. In addition, the types of PV that can 

provide efficient solar to gas conversion in Japan are discussed in this chapter.  

Chapter 5 

This chapter summarizes and concludes the present study. It wraps up the concept and 

wraps up each chapter. It also discusses the potential to improve the system in the future.  
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Chapter 2 

Evaluation of a Sabatier reaction utilizing hydrogen produced by 

concentrator photovoltaic modules under outdoor conditions 

2.1 The concept of the system 

In this chapter, we provided an outdoor solar-to-gas (StG) conversion installed at the 

University of Miyazaki, Japan. A highly efficient concentrator photovoltaic (CPV) module 

with an accurate and robust tracking system has been installed at the outdoor field of the 

University of Miyazaki, as shown in Fig. 2.1. An outdoor conversion from solar to hydrogen 

has been successfully carried out by InGaP/InGaAs/Ge triple-junction solar cells. The system 

is composed of electrochemical (EC) cells to perform water splitting to generate hydrogen, and 

the EC cells are connected to CPV cells. This demonstration set the highest global record for 

outdoor efficiency (24.4%) [1]. However, such conversion was instantaneous and carried out 

on CPV cells. Subsequently, the system was developed for CPV modules with a sub-kilowatt-

scale power output and modified with the maximum power point tracking (MPPT) method and 

four sets of DC/DC converters combined with EC cells. The resulting system had advanced 

flexibility for variable radiation conditions. The system achieved the highest one-day solar to 

hydrogen (StH) efficiency (18.78%) for sunny days [2] and provided daily StH efficiencies of 

about 15% for partially cloudy days [3]. 

In this chapter, an outdoor attempt at the methanation reaction was conducted as the next 

step to the StG conversion. Hydrogen, produced by the EC cells, was consecutively applied to 

the reactors while pure carbon dioxide was supplied via a tank. The experimental procedures 

and attempts at the Sabatier reaction were conducted on sunny and cloudy days. The operation 

parameters were analyzed to achieve a high methane concentration. In addition, the power 
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consumption of the methanation system on a sunny day and a cloudy day is presented in this 

section. 

 

 

 

Fig. 2.1 Schematic illustration of outdoor solar-to-gas conversion framework, installed 

at the University of Miyazaki. 
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2.2  The system designs  

2.2.1 CPV modules 

As the first step to StG conversion, the solar cells with a highly efficient conversion are the 

primary core of the system. Multi-junction solar cells are currently trending to provide the 

highest conversion efficiency and developing in today’s photovoltaic research society [4–7]. 

In multi-junction cells, p-n junctions of various semiconductor materials are designed to 

generate the current on different wavelengths. It increases the conversion efficiency of sunlight 

to electrical energy. They have been applied to the concentrator photovoltaic (CPV) cells and 

substantially improved their conversion efficiency under concentration operation [8]. In this 

approach, InGaP/InGaAs/Ge triple-junction solar cells with a high conversion efficiency are 

applied with a tracking system. The conversion efficiency of multi-junction cells has increased 

to 31% when they are lattice-matched to Ge [9, 10].  

The multi-junction solar cells in this study utilized a concentration system, and the 

efficiency increased with increasing light intensity. Additionally, it provides higher annual 

output than flat-plate silicon solar cells under high-temperature operations [11]. The system 

can increase energy output and the cell’s efficiency since the trackers are adaptable to the sun’s 

location and designed to tilt the panels to the azimuth and zenith angles throughout the day. In 

addition, they provide peak output with an MPPT technique in which the panels are designed 

to be perpendicular to the sun while monitoring the panel’s temperature and irradiance 

conditions. Moreover, the optimal concentration of a solar cell is influenced by the properties 

of a given solar cell. Accordingly, the conversion efficiency of the cells is a crucial aspect of 

the advanced solar system, such as solar to gas conversion.  

At the outdoor field of the University of Miyazaki, three highly efficient CPV modules with 

a total output of 472 W under standard test conditions were installed, as shown in Fig. 2.2. 

They are connected to four sets of DC/DC converter-EC cells, as shown in Fig. 2.3. Direct 
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normal irradiance (DNI), the input power of the solar-to-gas conversion system, was gauged 

by a pyrheliometer (EKO, MS-56). Fig. 2.4 provides a view of the pyrheliometer installed at 

the University of Miyazaki. 

 

 

 

Fig. 2.2 View of the CPV configuration installed at the outdoor field of the 

University of Miyazaki. 
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Fig. 2.3 Schematic layout of StH conversion system in which three CPV modules are 

connected to sets of DC/DC converters and EC cells. 
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Fig. 2.4. View of pyrheliometer to measure the DNI. 
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2.2.2 DC/DC converters 

PV energy is intermittent in climate conditions, and solar-based hydrogen production is 

highly dependent on the maximum output extracted by the PV system. In solar-derived 

hydrogen production, there are two approaches to electrically connecting the photovoltaic 

system and hydrogen production system, such as EC cells. The first option is a direct coupling 

of PV and electrolyzer mechanically or electronically [12–19]. Such an approach is simple and 

provides high efficiency. However, there are technological challenges in sizing the electrolyzer 

with PV configuration, especially in extracting a maximum output of PV since the number of 

electrolyzers in series connection determines the PV voltage working point [13, 15, 18, 20]. 

The electrolyzers are designed for low operating voltage. Therefore, it is required to match the 

appliable voltage of the electrolyzer and the possible voltage range at MPP in PV configuration. 

Accordingly, it would decrease the whole system’s performance unless the number of 

electrolyzer cells and PV are not optimized or controlled and do not match with the MPP of 

applied PV [13, 18, 21].  

Another option is coupling with a DC/DC converter combined with an MPP tracking 

providing maximum PV power and higher efficiencies under any conditions. The system is 

more flexible to accommodate the voltage and current required for the electrolyzer. MPP 

tracking has been developed with several methods and algorithms [22]. State-of-the-art review 

of types of converters are buck-boost, push-pull, phase-shift full-bridge, and buck converters, 

respectively [23–27], and the proposed converter can differ depending on the system 

requirements. This converter-coupled method would be more cost-intensive, however, more 

advantageous than direct coupling.  

In this study, we applied phase-shift full-bridge DC/DC converters made by Fujitsu Lab, 

proposed with an algorithm called “perturb and optimizing (P&O) with converter scoring.” In 

our StG conversion, four DC/DC-EC cells were linked in parallel. They were connected with 
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three CPV modules. It achieved a maximum DC/DC conversion efficiency of 94.2% on a 

DC/DC output of 104.7W and provided a flexible performance on StH conversion on both a 

clear day and a cloudy day [2, 3, 28]. Additionally, it contributed converter efficiency of over 

90% on a wide input voltage ranging from 60–300 V and a load power of 20–100% [2].  

In this algorithm, some converters were designed to turn off while low output operation to 

reduce energy consumption at driver circuits, resulting in a high solar to hydrogen conversion. 

The converters calculate the current set point for PEM electrolyzers compared to the solar 

power reference and the measured stack voltage. The operation point is influenced by the 

climate conditions, EC temperature, hydrogen production, and other factors [28]. Fig. 2.5 and 

Fig. 2.6 shows the configuration of converter-electrolyzer sets to perform the water-splitting 

process.    
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Fig. 2.5 Photograph of a DC/DC converter applied for the solar-

to-hydrogen conversion. 

 

 

Fig. 2.6 View of the sets of EC-DC/DC configuration to perform water electrolysis, 

installed at the University of Miyazaki. 
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2.2.3 Electrochemical cells 

Pure hydrogen can be extracted by simply applying electricity from renewable sources for 

water electrolysis. The kind of water electrolysis can be classified depending on the electrolyte, 

ionic agents, and operating parameters. Electrolyzers are the primary core of the water-splitting 

process in which water decomposes into hydrogen and oxygen when the electric current is 

applied. In solar-derived water electrolysis, the technology is limited to low-temperature 

electrolyzers [18]. The most widely used electrolyzers are alkaline (AEL) electrolyzer and 

polymer electrolyte membrane (PEM) electrolyzer. AEL is well-established and robust 

technology; however, its corrosive liquid electrolyte, less compact design, and gas permeation 

through the diaphragm attract attention to PEM as a promising technique [29–31]. 

A membrane electrode assembly (MEA) is the pivot of the PEM electrolyzer since its 

degradation seriously reduces the hydrogen production and performance of PEM. Nafion 

membrane is one of the main components in the MEA. Nafion membranes are widely used for PEM 

electrolyzers owing to their high adaptability and durability at high current densities. The 

electrodes (anode and cathode) are bonded to each side of the Nafion membrane. Therefore, 

the membrane of a PEM serves as an electrolyte and a gas separator for hydrogen and oxygen. 

Accordingly, its degradation can be affected by the deposition of impurities onto the membrane. 

In addition, these migrated cations could hinder hydrogen evolution and induce a rise in the 

operating voltage. The migrated cations reduce the proton transport properties from anode to 

cathode and severely affect the PEM degradation. Accordingly, the performance of MEA for 

cation contamination is a challenge to the overall cost. 

Fig. 2.7 and Fig. 2.8 show the configuration of a PEM electrolyzer (Enoah Inc., EHC 070) 

that consists of MEA with a Nafion membrane and noble metal catalysts, a gas diffusion layer 

as a passage for reactant transport, current collectors, and end plates. A platinum catalyst was 

utilized at the cathode for the hydrogen evolution reaction, while IrO2 was supported on the 
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anode side. Pure water is introduced at the anode and decomposed into oxygen, protons, and 

electrons. After passing through the electrolyte, protons move from the anode to the cathode 

through the cation exchange membrane. At the cathode, they combine with electrons to 

generate hydrogen gas.  

There are four electrolyzers in our system, and each cell operates at a maximum capacity 

of approximately 20 A. The operating current of the electrolyzer increased by varying the 

number of CPV modules [2]. State-of-the-art StH conversions are carried out at a high current 

density (over 1A/cm2) to reduce high capital costs. The higher the current density, the higher 

the overpotential losses that decrease in its efficiency [32]. Therefore, increasing overpotential 

and current density is a bottleneck to achieving high StH efficiency. It can be reduced 

approximately to a thermal neutral voltage of 1.48 V by optimizing the operating temperature 

and pressure of EC cells [33]. In our existing system, the current density of the electrolyzer is 

from 0.1–0.3 A/cm2 by one-CPV or three-CPV configuration [2].  

According to the outdoor results, the efficiency of electrochemical cells was over 70% and 

increased when the operating current was low, especially in the morning and evening when the 

output power of the CPV module was reduced [2]. The stored hydrogen energy was calculated 

by the free energy of hydrogen (∆G° = -237 kJ/mol) and hydrogen generation rate (GRH2), 

which was measured by a mass flow meter (MFM, Alicat Scientific M-2SLM-D-25COMP). 
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Fig. 2.7 Photograph of a PEM electrolyzer manufactured by Enoah 

Inc., EHC 070, installed at the University of Miyazaki. 

 

 

 

 

Fig. 2.8 Schematic of PEM electrolyzer assembly (a) end plates, (b) current 

collectors, (c) gaskets, (d) gas diffusion layers, (e) MEA. 
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2.2.4 Methanation reactors   

Providing appropriate reactor design is the pivot of the methanation system to control the 

increasing temperature influenced by the reaction. The most established reactors for the 

methanation system are fixed-bed reactors. However, heat management in a fixed-bed reactor 

may be burdensome, resulting in localized hot spots. In contrast, cooled reactors transfer the 

released heat from the reaction to a cooling medium. This kind of reaction may be difficult to 

manipulate within a single reactor. Therefore, at least two adiabatic reactors are needed to 

connect in series for flexible control of reaction temperature in a fixed bed reactor [34]. The 

size of the reactors is a relevant factor in determining the contact time between the feed gas 

and the catalyst. The reaction performance was a function of the contact time of the reactant 

feed gas and the catalyst bed. If the contact time is too short, decreased CH4 concentrations 

will result [35]. 

Additionally, the temperature is another essential parameter to achieving the highest CH4 

composition. Since low temperature provides the highest methane yield because of the 

reaction's exothermic nature, the operating temperature must be below 300 °C [36]. Increasing 

temperature is an undesirable condition for CO2 methanation because of the strongly 

exothermic reaction of CO2. Higher pressures and lower temperatures are more favorable in 

thermodynamic methanation. A high conversion can be maintained at high temperatures by 

increasing the pressures despite decreasing CH4 generation and catalyst degradation. An active 

catalyst is required for lower-operating temperatures, while the high-pressure operation is often 

uneconomical [37]. As mentioned in the previous chapter, Ni-based catalysts are well-

developed and low-cost materials for the methanation process. Additionally, ZrO2 is the most 

suitable supporter of Ni-based to promote its CO2 methanation reaction activity, and it was 

studied by several research groups [38–43]. Therefore, Ni-based ZrO2 catalysts were used in 

our studies.  
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In the next step of the StM system, H2 gas extracted from the electrolysis system was 

mixed with CO2. The latter was introduced via a tank. The CO2 hydrogenation or CO2 reduction 

to CH4 was developed using two adiabatic fixed-bed reactors provided with Ni-Y-doped ZrO2 

catalysts bed. They are attached in a series connection, as shown in Fig. 2.9. The two reactors 

were connected in series to maximize the CH4 generation. The external electricity was applied 

to the heaters of reactors, and the reactor temperatures were controlled by a proportional, 

integral, derivative (PID) controller without cooling systems. The outside diameter of each 

reactor is 19.05 mm, the inside is 16.57 mm, and a height of 200 mm for each. The generated 

H2 from water electrolysis was directly applied to reactors after passing through gas/liquid 

separators and dryers. It was intended to feed pure H2 to the methanation system without 

resulting steam, while CO2 was introduced from the outside source. The flow rate of H2 fed 

into the methanation system was measured by MFM, whereas that of CO2 was controlled by a 

mass flow controller (MFC, Alicat Scientific MC-500SCCM-D-25COMP). Gas/liquid 

separators were used to filter by-product H2O and obtain pure CH4. The additional pressure 

was not applied to the reactors in our system. 

Since the reactors were connected in series, most reactions developed within the first 

reactor (reactor 1). Simultaneously, the residual and unreacted gases (such as H2 and CO2) 

travel from reactor 1 and maintain the reaction within the second reactor (reactor 2). Therefore, 

the output gas from reactor 2 was where system output was measured and analyzed. Fig. 2.10 

illustrates the configuration of the methanation system. In this study, the composition of 

produced gases was quantitatively analyzed using a quadrupole mass spectrometer (QMS, MS 

9600, Netzsch), as shown in Fig. 2.11. No H2O was observed in our system due to filters and 

gas/liquid separators. The water was cooled and liquefied in the reactor after passing through 

the valves. The composition of methane was related to the feed mole ratio and feed temperature. 

Thus, the amount of CH4 composition was concerned by various feed temperatures and 
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stoichiometric ratios. The volume of CH4 gas was not directly measured. It was assumed that 

the volume of CH4 gas corresponded to 1/4 times the fed H2 gas volume and multiplied by the 

CO2 to CH4 conversion efficiency.   

 

 

 

 

Fig. 2.9 Real image of two adiabatic fixed-bed reactors, used for methanation reaction. 
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Fig. 2.10 Schematic diagram of methanation system. 
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Fig. 2.11 View of quadrupole mass spectrometer (QMS, MS 9600, Netzsch) to measure the 

composition of methane, installed at the Nishioka Laboratory. 

2.3  Results and discussion 

2.3.1 Optimization for operation condition of reactors 

This section outlines the method to determine the operating temperature of reactors that 

yields the highest conversion to CH4 and consequently generates the highest CH4 composition. 

The conversion and yield of CH4 depend upon the operating temperature and the catalysts 

utilized. Moreover, catalyst deactivation, carbon, and coke formation are related to the high-

temperature operation of the reactors. The preferred operating temperature must ensure catalyst 

productivity and hinder catalyst thermal deactivation. Ni-based ZrO2 catalysts can perform 

higher CH4 selectivity within the temperature range of 200–300 °C [38]. CO formation and 

catalyst deactivation will increasingly occur at temperatures higher than 320 °C [44, 45]. In 
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our system, the maximum allowable temperature for reactor 1 and reactor 2 is 400 °C and 300 

°C, respectively.  

The performance of methanation at temperatures ranging from 240 to 300 °C was analyzed 

in this study. The temperature of the gases generated from the catalytic reaction was measured. 

Fig. 2.12 indicates the quantity of CO2 converted to CH4 from both reactors. The CO2 

conversion to CH4 was calculated as: 

CO2 conversion=
VCH4

output×100%

VCH4
output+ VCO2

output
 , (2.1) 

where VCH4 output and VCO2 output are the volumes of CH4 and CO2 analyzed by QMS. The 

maximum conversion of CO2 to CH4 was 97.6%, which was achieved at a temperature of 260 

°C. The reaction towards CH4 can be controlled by varying the stoichiometric ratio of the 

reaction. Increased CO2 conversion and CH4 yields occur at the stoichiometric ratio of 1:4 

depending upon the types of the catalyst used [46]. Additionally, carbon deposition and carbon 

monoxide formation also depend upon the stoichiometric of the reaction. The formation of 

carbon was observed when a molar ratio of 1:4 for CO2/H2 was not maintained [47–49]. This 

carbon generation may affect the catalyst performance and deactivate the catalyst. 

Consequently, it was necessary to determine the stoichiometric ratio that yielded the highest 

CO2 conversion without negatively impacting the system. The CO2 conversion to CH4 was 

analyzed by changing the flow rate of CO2 via MFC. As shown in Fig. 2.13, 1:4 was the best 

stoichiometric ratio for our system, which yielded a CO2 conversion efficiency of 97.6%. The 

reactor temperatures were 260 ̊C for each reactor. When the stoichiometric ratio was changed 

to 0.9:4, the conversion was 91%, while it changed to 1.1:4, 89 % of CO2 conversion was 

yielded, i.e., an efficiency lower than that of 1:4.   
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Fig. 2.12 Effect of reactor temperature on CO2 conversion to CH4. 

 

 

Fig. 2.13 Effect of ratio (CO2:H2) on CO2 conversion to CH4. 



51 
 

2.3.2 Validation of methane concentration during outdoor operation 

Subsequent to determining the best feed ratio and reactor operating temperatures, the 

performance of methanation was examined. The methanation data to be analyzed was under 

operating conditions on a clear, sunny day between 10:00 AM to 2:00 PM. The target reactor 

temperature for both reactors was 260 °C. Gases were collected and calibrated each hour.  

 

Fig. 2.14 Measured hydrogen generation rate (GRH2) compared to DNI. 

 

Fig. 2.15 Performance analysis on conversion of CO2 to CH4 compared to reactor 

temperature. Data in both plots were obtained on a clear, sunny day (15th Nov 2019). 

0 
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Fig. 2.14 shows GRH2 compared to DNI. Fig. 2.15 shows the internal temperatures of the 

reactors compared to the concentration of CH4. A CO2 conversion efficiency of 97.6% was 

maintained for approximately 4 hours. Although the operating temperature was set to 260 °C, 

the inner temperature of reactor 1 increased over 260 °C. The cooling system was not utilized 

in this system. Therefore, the heat was released during the reaction. However, the temperature 

of reactor 2 was stable at the operating temperature (260 °C). It was because of the low reaction 

rates in the reactor 2. Most of the reaction were performed in the reactor 1 and thus, the 

temperature of the reactor 1 was higher than that of reactor 2 as a result. The average GRH2 was 

1.19 NL/min in the experimental period (10:00 AM to 2:00 PM). CO2 gas applied to the 

methanation system, which corresponds to 1/4 times the fed H2 gas, was 0.30 NL/min. The 

total mixture gas, which fed to the system, was 1.48 NL/min. Due to the changing DNI during 

the experimental period, the generated H2 gas changed. Therefore, mixture gas fed to the 

system and space velocity also changed. The degradation of catalysis could not seem in the 

experimental period.  

2.3.3 Power consumption on the methanation system 

Thermo-catalytic conversion of CH4 is a highly exothermic reaction and consequently it 

may result in reactor overheating and a low conversion of CO2. Reactor cooling is critical to 

the methanation process to avoid catalyst deactivation. Operating temperature is the most 

critical parameter to optimize the methanation system. Additional, critical operational factors 

such as catalyst deactivation, CO formation, CO2 conversion, and CH4 yield depend upon the 

operating temperature. The temperatures of the reactors should be maintained at a sufficiently 

high temperature to maintain catalytic reactions but also sufficiently low to avoid CO formation 

[50]. Heat management of the methanation system, specifically, reactor cooling and utilizing 

the reaction energy for power needs external to the reactors, is an active area of research in PtG 

systems. The heat released from the reaction must be removed from the system and 
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subsequently may be utilized in the electrolysis process [47, 50]. Optimization of Heat removal, 

to ensure uniform temperatures within the reactors is a currently unsolved concern.  

The reaction is significantly exothermic. The reaction consumes 4 moles of H2 for each 

mole of CH4 produced; 2 moles of H2O are generated as a byproduct. Energy is required to 

initiate the reaction. Increasing reaction time provides some heat to perpetuate the reaction. 

The energy required to maintain the reaction decreases from the initial amount once the 

reaction becomes stable. Reactor temperature is regulated by a PID controller. When reactor 

temperature increases because of the exothermic reaction, PID control switches regulate power 

depending upon reactor temperature. As a result, heat from the reactors provide the required 

reaction energy and the power consumption of the methanation system is reduced. 

 

 

 

 

 

 

 

 

 

 



54 
 

 

 

Fig. 2.16 Total power consumption of the reactors under a sunny condition (15th Nov 

2019). 

 

 

Fig. 2.17 Total power consumption of the reactors under an overcast condition (6th 

Dec 2019). 
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The total power consumption of the reactors was measured on a clear, sunny day from 

10:00 AM to 2:00 PM local time. Fig. 2.16 shows the reactor total power consumption on a 

sunny day compared with time. Although the reaction initiates in reactor 1, generated gases, 

residual, and unreacted gases, maintain the reaction in reactor 2. The reaction rate of reactor 2 

is lower than that of reactor 1. Therefore, the total power consumption of reactor 2 is higher 

than that of the reactor 1. It may be observed that after the initial energy is provided, the total 

power consumption of reactor 1 stabilizes as a result of the Sabatier effect. The heat of reaction 

for reactor 1 reduces power consumption of reactor 1, whereas for reactor 2, the reaction rate 

will be reduced because the majority of the reaction occurs in reactor 1. Therefore, more energy 

is consumed by reactor 2 to maintain the temperature and reaction. A total of 0.145 kWh is 

required for operation under sunny conditions. Fig. 2.17 indicates the total power consumption 

of the reactors under overcast conditions. The DNI was negligible as was the generation of H2. 

The reactors required more energy under cloudy conditions due to low reaction rates. The total 

power consumption of 0.281 kWh was observed under overcast conditions. 

Methanation process is a strongly exothermic reaction and requires external energy to 

initiate the reaction. Subsequent to initiation, the reaction can be maintained by the heat 

released. As a result, the energy requirements for the methanation system decrease significantly 

after reaction initiation. Energy consumption of the methanation system is a significant issue 

for the efficient conversion of solar energy to gas. It is important to note that a highly efficient 

PtG system is a result of highly efficient CPV modules, highly powerful DC/DC converters, 

and highly active catalysts. The PtG conversion system performed well and achieved high 

efficiency under variable weather conditions. This was a result of efficient CPV modules and 

active catalysts. 

The stored chemical energy of CH4 should be considered in PtG conversions because it is 

directly used in power generation via combustion. Fig. 2.18 shows a schematic illustration of 



56 
 

combustion energy of CH4. CH4 has a combustion energy of -802 kJ/mol. Solar to methane 

efficiency (ȠStM) is defined as: 

Ƞ
StM

=
Combustion energy of Produced methane × moles of produced methane

Electrical energy required to generate H2 and CH4

, (2.2) 

Ƞ
StM

=
|∆H°|×amount of CH4 

EDNI+ Ereactors

, 
(2.3) 

where the stored chemical energy of produced methane yields the combustion energy (∆H° 

= -802 kJ/mol). The integrated irradiance is denoted as EDNI, while the term Ereactors represents 

the energy consumed by the reactors in the methanation system. Table 2.1 shows the summary 

of energy input and output for our system. The CH4 generation rate was calculated based on 

mole fractions and generation rate of H2 input into the reaction. The calculation assumes that 

the CH4 generation rate corresponds to ¼ times the input of H2. Subsequently, the CH4 

generation rate was multiplied with the calculated conversion of CO2 to CH4 (97.6%). The rate 

of H2 input into the PtG system was evaluated by MFM. The conversion of CO2 to CH4 was 

analyzed and assessed by QMS. For sunny conditions (on 15th November 2019), an efficiency 

of 13.8% was achieved as shown in Table 1. In contrast, the system could not generate 

electricity from CPV modules under an overcast condition because the CPV modules use only 

the direct-beam component. Therefore, the hydrogen generation and Sabatier process did not 

operate under an overcast condition. 

Table 2.2 shows the one day elementally efficiencies focused on solar to hydrogen 

conversion. The elementary efficiencies are defined as follows: ηCPV is the CPV module 

efficiency; ηDCDC is the conversion efficiency of the DC/DC converters; ηEC is the energy 

conversion efficiency from DC electricity into the free energy of hydrogen at the electrolyzer 

[2]. Especially, ηEC decreased in comparison with previous work [2]. The system in this study 

had consisted of three CPV modules and operated at the high operating current of the 

electrolyzer, which leads to reduce ηEC. The CO2 conversion to CH4 after passing thought 
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reactors 1 and 2 was 97.6% as shown in Fig 2.15. The StM efficiency could be improved by 

optimization of system configuration such as a number of CPV modules and operating current 

of the electrolyzer while considering space velocity. 

 

Fig. 2.18. Schematic illustration of the combustion energy contained in methane. 

 

Table 2.1 Summary of energy input and output for the methanation system and 

conversion efficiency of solar energy to methane. 

Input energies Produced gases (output) 

ȠStM EDNI 

(kWh) 

Ereactors 

(kWh) 

Amount of H2 

during 

experimental 

period  

(mol) 

 Amount of 

CH4 during 

experimental 

period  

(mol) 

Stored energy 

of produced 

methane 

(kWh) 

4.584 0.145 11.99 2.924 0.651 
0.138 

(13.8%) 

 

Table 2.2 One day elementally efficiencies on the system. 

 ȠCPV ȠDCDC ȠEC 

Sunny day 

15th November 

2019 

27.4% 89.3% 70.2% 
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2.4  Conclusion 

In a StG system, the hydrogenation of CO2 was accomplished by utilizing the hydrogen 

extracted from solar power. An efficient StG system was operated outdoors during a field test 

at the University of Miyazaki, Japan. The solar to methanation performance was analyzed on 

a sunny day and an overcast day, respectively. Whereas the solar to hydrogen conversion was 

performed and measured daily except for the rainy days. Methanation is an exothermic reaction 

and a more complex system than the electrolysis process. The conversion was analyzed while 

the operating parameters were controlled.  

Firstly, CO2 to CH4 conversion was analyzed at various operating temperatures (ranging 

from 240 to 300 °C) with a stoichiometric ratio of 1:4. The best operating temperature that 

provided maximum conversion efficiency was determined. After that, CO2 to CH4 conversion 

was analyzed by controlling the stoichiometric ratio to ensure its highest conversion. The 

reaction is a heat-released process. External electricity was provided to the rectors to initiate 

the methanation process in our system. Accordingly, the energy consumed by the reactors was 

measured and analyzed. As an overall system analysis, solar to methane conversion was 

estimated. 

The results provided that the highest conversion of CO2 to CH4 (97.6%) was observed at a 

reactor temperature of 260 °C. These results indicated that the CO2 hydrogenation reaction was 

favored at relatively low temperatures. Additionally, the results confirmed that the highest 

conversion was attained at the stoichiometric ratio of 1:4. Then, the total power consumption 

of the reactors was analyzed and concerned for the sunny and overcast conditions. The 

conversion efficiency of 13.8% for solar to methane was obtained in our system. These results 

led us to conclude that the highest global outdoor solar to methane conversion was achieved 

on highly efficient InGaP/InGaAs/Ge triple-junction modules associated with sets of DC/DC-

EC cells at the University of Miyazaki, Japan. Natural gas composition often contains at least 
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80% of CH4. Because our generated gas composition contains more than 80% of CH4, the 

practical impact of our efficient PtG system is significant.  

The previous results mentioned the total power consumption of the reactors during the 

reaction. This evaluation provided that the power consumption of reactor 2 was higher than 

that of reactor 1 due to the low reaction rate, and most of the reaction was conducted by reactor 

1. Whereas the detailed analysis of the power consumption, such as hydrogen flow rate on the 

reaction, was not reviewed. Since the reaction rate is highly dependent on the feed gas flow 

and the main factor to the reaction heat. The factors increasing the methanation power 

consumption, especially on the hydrogen flow rate while improving the methane concentration, 

are expressed in the next chapter. 
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Chapter 3 

Performance analysis of Sabatier reaction on direct hydrogen 

inlet rates based on power-to-gas conversion system  

3.1  The concept of the system 

In this chapter, we propose an improved conversion and a detailed analysis of the 

methanation power consumption for the hydrogen flow to the reaction. In the previous chapter, 

the energy consumption by the reactors performed on a sunny day and an overcast day has been 

introduced. Since there are two reactors in our system, the second reactor consumed more 

energy than the first one. Therefore, the factors increasing the consumption are reviewed and 

analyzed to improve the system with less energy consumption. To achieve a high solar-to-

methane conversion efficiency, optimal conditions of the reactor temperature, and H2 and CO2 

mixed gas flow rates are necessary.  

In particular, since the Sabatier process is an exothermic reaction, the reactor temperature 

can be maintained at or above the optimal temperature without supplying external power by 

adjusting the flow rate of the mixed gas. Consequently, the power consumption of the reactors 

decreases, and the total energy conversion efficiency improves. Conversely, decreasing flow 

rate (or space velocity) reduces the heat generated during the Sabatier process; thus, external 

electric power is supplied to maintain the reactor temperature. In addition, the CO2-to-CH4 

conversion efficiencies also decrease at low hydrogen generation rates. Under actual outdoor 

conditions, the flow rate of the mixed gas (or H2 generation) fluctuates due to the changing 

irradiance. Therefore, maintaining optimal conditions, especially the flow rate, is difficult 

throughout the year. Consecutively, the energy loss by the system will be higher with an 

intermittent reaction rate. It is essential to identify the optimal conditions of the system when 

the input feed gas is low or if the input gas is maintained at a constant rate. To investigate this, 
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we applied DC electricity supply to the electrolysis process to smoothly control the hydrogen 

flow rate provided to the methanation reactors. 

In the present study, we investigated the optimal operating conditions of reactors of the 

methanation system, especially the mixed gas flow rate, reaction temperature, and power 

consumption. Furthermore, we aimed to understand the required minimum flow rate while 

maintaining a high CO2-to-CH4 conversion efficiency since it is an important factor for 

designing the capacity (size of PV panels and EC cells) of the solar-based synthetic gas system. 

Additionally, optimal reactor temperatures were investigated due to their significance in 

minimizing energy loss. Optimum temperature of the reactor is important to avoid irrational 

kinetic barriers, such as reverse-water reaction and catalyst deactivation, which are mainly 

caused by catalyst sintering and carbon deposition on the catalyst [1–4]. These conditions can 

be accelerated at temperatures above 500 °C [5–13]. Catalyst deactivation is a common concern 

during the catalytic reaction process. It is associated with degradation of the catalyst 

performance activity and selectivity over the reaction period. Therefore, low reactor 

temperatures are favorable during operation. 

Furthermore, controlling the heat of the reactors in the methanation system is critical as 

extreme heat can degrade the catalysts. CO2-to-CH4 conversion relies on catalyst performance; 

additionally, optimizing the reactor temperature is significant in investigating and identifying 

the performance of the methanation system. The inlet gas flow to the reactors is related to the 

reaction rates and temperature of the reactors. While the energy consumed by the reactors are 

influenced by the reaction rate in terms of feed gases flow. Therefore, the methanation 

performance was investigated and analyzed for different hydrogen generation rates along with 

monitoring of the operating temperature of the reactors. 
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3.2  The system designs 

3.2.1 DC power supply 

In our power-to-gas (PtG) conversion system, there are two main electricity options for the 

electrolyzers: electricity provided by the CPV modules and the DC electricity. The daily actual 

outdoor operation conditions for hydrogen conversion were provided by the electricity 

produced from the three CPV modules under actual outdoor operation. The output energy of 

the CPV modules and the daily hydrogen generation rates varied depending on the sunlight. 

The hydrogen generation rate was the highest on sunny days; however, it was zero during 

nights and cloudy days. The hydrogenation system performed spontaneously based on the 

applied solar energy, and the operating parameters of the system, such as the hydrogen 

generation rates (GRH2).  

The flow rate of hydrogen could not be controlled under actual outdoor conditions (using 

sunlight). GRH2 was dependent on sunlight, and the flow of hydrogen to the Sabatier reaction 

was also irregular and could not be performed during cloudy days. Currently, an efficient daily 

solar-to-methane conversion system is required for the energy sector. In this study, the required 

electricity for the hydrogenation system was applied using a DC power supply (Kikusui, PAS 

320-2) to obtain a stable flow rate. The latter portion of the solar-to-gas conversion system and 

thermo-catalytical methanation was operated and analyzed using solar-based hydrogen on 

sunny days and using power supplied hydrogen on cloudy days. Fig. 3.1 shows the schematic 

configuration of electrolysis process supplied with DC supply and the methanation reactors to 

produce methane.  

3.2.2 Operation system design and measurement equipment 

The former portion of PtG conversion, hydrogen production was performed using the PEM 

method. DC/DC converters were applied to match the input and output voltage variabilities as 
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GRH2 was dependent on the electricity supplied to the DC/DC converters. Therefore, hydrogen 

production rate was controlled by varying the electric current of the DC power supply. After 

that, the hydrogen produced was consecutively transported to the reactors and combined with 

CO2. Subsequently, methanation reaction was performed using catalysts. Fig. 3.2 illustrates the 

system configuration of DC-supplied electrolysis system in a consecutive connection with 

methanation system. The generation rates of produced hydrogen were measured using a mass 

flow meter (MFM, M-2SLM-D-25COMP), while the flow rate of CO2 was controlled by a 

mass flow controller (MFC, Alicat Scientific MC-500SCCM-D-25COMP). The generated gas 

mixtures were analyzed using gas chromatography (GC) (J-SCIENCE LAB, GC 7100), as 

shown in Fig. 3.3. GC measurement device is directly connected to the outlet of methanation 

reactors via pipes. The byproduct, water (from electrolysis process), was filtered using 

gas/liquid separators; however, GC analysis could not detect peaks of water during the 

operation period. Argon (Ar) was used as the carrier gas for the mixture of gases during the 

measurement. The two reactors were attached sequentially; the reaction initially occurred in 

the first reactor, while the produced and unreacted gases proceeded in the second reactor. 
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Fig. 3.1 Schematic illustration of hydrogen production from DC electricity and 

methanation system. 

 

 

Fig. 3.2 Configuration of power-to-gas conversion in which DC supply is provided to the 

electrolysers through DC/DC converters and consecutive methanation system. 
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Fig. 3.3 Photograph of gas chromatography, (GC) (J-SCIENCE 

LAB, GC 7100), installed at the outdoor solar-to-gas conversion 

field test area of the University of Miyazaki.  
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3.3  Results and discussion 

3.3.1 Evaluation of methane concentration based on hydrogen generation rates 

Controlling the reactor temperature is critical during the Sabatier reaction to overcome 

thermodynamic constraints related to catalysts [12, 14]. The residence time of the feed gas and 

catalyst, and the optimal operating conditions such as feed gases flow and temperature for the 

reaction are dependent on the size of the reactors. The reactor was thus, designed accordingly. 

A methanation system with a series of multiple reactors and complicated cooling system leads 

to the system more complex, and results in high initial cost [15–17]. Presently, a series of 

adiabatic reactors are in demand to optimize thermal control in fixed-bed reactors [15, 18]. In 

this study, a couple of adiabatic fixed-bed reactors were used while Ni-based catalysts are 

attached inside the reactors. The parameters of the rectors presented here are 19.05 mm for its 

outside diameter, 16.57 mm for inside diameter with the length of 200 mm for each reactor. 

The output hydrogen was subsequently applied to the reactors. The intermittent hydrogen 

production due to variable solar irradiance generates an unsteady flow feed to the methanation 

system. Consequently, the unsteady flow of hydrogen in the Sabatier reaction produces 

variability in the reaction rate between the feed gases (CO2 and H2). The transient feed flow of 

reactant gases can develop hot spots in the reactors [19]. Therefore, the performance of the 

Sabatier reaction was analyzed to optimize methane production based on operating parameters, 

such as GRH2.  

This section outlines the effect of methane concentration on GRH2. Initially, a high setting 

temperature (260 °C) was induced in Reactor 1 [20] because the exothermic Sabatier reaction 

mainly occurred in Reactor 1. GRH2 depends on the performance of EC cells, which is a 

function of the input current of the DC/DC converter. Correspondingly, Higher the input 

current, greater is the generation of hydrogen from the electrolysis process. The produced 

hydrogen was not stored and was subsequently fed into the reactors. Consequently, the 
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intermittent hydrogen flow in the inlet reduced the residence time between the reactant gases 

(CO2 and H2) and the catalyst. Thus, the operating temperature of Reactor 1 increased with 

increasing GRH2. Alternatively, a short residence time lowers the methane concentration [11, 

21–23]. The Sabatier reaction was completed, and the composition of methane was measured 

at different GRH2 by setting the input current of the DC/DC converters. As mentioned above, 

the input current to the DC/DC converters was supplied and manually controlled through DC 

power supply device. 

Fig. 3.4 shows the test results on the concentration of methane at varying GRH2. The 

operating temperature of the two reactors was set to 260 °C (previously optimized temperature) 

[20]. The current of DC/DC converters ranged from 0.2 A to 1.6 A and subsequently, the GRH2 

were calculated. The average GRH2 of a sunny day under the highest direct normal irradiance 

(900 W/m2) is 1.19 NL/min, and it was generated at 1.6 A of the average input current of 

DC/DC converters. The generation rate was lower than this and could not perform well during 

overcast and cloudy days. Therefore, the average GRH2 on a sunny day was considered in this 

study. The highest methane concentrations, measured at 30 min intervals for each GRH2, were 

achieved at 0.337 and 0.449 NL/min of GRH2. Furthermore, observing the stability of the 

methane composition during long-term measurements is significant. Subsequently, the Sabatier 

reaction was analyzed by varying the temperature from 180 °C to 340 °C (Fig. 3.5), with each 

operation maintained for 4 h. Consequently, high methane composition (98.4%) was observed 

at 220 °C and 0.449 NL/min of GRH2.  
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Fig. 3.4 Analysis of methane concentration on different hydrogen generation 

rates. 

 

 

Fig. 3.5 Analysis of methane concentration on different operating 

temperatures ranging from 180 °C to 340 °C. 
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3.3.2 System performance on a 4 h period 

The stability of the system performance in terms of methane composition was analyzed and 

evaluated for a 4 h operation. The Sabatier reaction was evaluated at a low GRH2 (0.339 

NL/min) and a high GRH2 (0.449 NL/min). The methane composition was measured every 30 

min during the experimental period from 10:00 a.m. to 2:00 p.m., and the corresponding GRH2 

was measured on two different days, as shown in Fig. 3.6.  

The highest concentration of methane (98.4%) was observed at 220 °C and high GRH2 

(0.449 NL/min). Similarly, 97.2% of methane was obtained at the same temperature, but lower 

GRH2 (0.337 NL/min), indicating that methane concentration was high at a higher GRH2, 

whereas it decreased at a lower GRH2. Since maintaining a high performance over a long 

duration is necessary to achieve high methane concentrations, a low operating temperature (220 

°C) and a high GRH2 were selected as the optimal operating parameters for the operation test. 

 

Fig. 3.6 Analysis of methane concentration during the 4 h operation at an 

operating temperature of 220 °C and measured on July 21, 2020 and August 6, 

2020. 
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3.3.3 Optimization of the reactor operating conditions: operating temperature of the reactors 

The performance of the reactors was analyzed under controlled operating conditions of 

DC/DC converters. Based on the previous results, both reactors were set at 220 °C and an input 

GRH2 of 0.449 NL/min. External power was supplied to the reactors; subsequently, the inner 

and outer temperatures of the reactors during the study period were measured using heat 

sensors.  

Fig. 3.7 presents the inner temperatures of the two reactors against the target set 

temperature. Subsequently, the inner temperatures of the reactors reached and were maintained 

at the target set temperature of 220 °C for 4 h. The controlled performance of the DC/DC 

converters and EC cells provided a low hydrogen feed flow to the reactors, thus, contributing 

to a longer residence time between the gas mixture and the catalyst bed. Consequently, stable 

reaction rates within the reactors maintained uniform operating temperatures. The uniform 

reactor temperature occurs because of low inlet hydrogen rate [24]. Moreover, the 

concentration of methane increased.  

 

Fig. 3.7 Measurement on operation temperatures of the reactors compared with the 

set temperature (220 °C). 
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3.3.4 Optimization of the reactor operating conditions: power consumption of methanation 

system based on the two GRH2 

A cost-effective system having a high methane composition and low total power 

consumption is desirable for conventional gas-grid infrastructures. Increased heating of the 

reactors caused by the Sabatier reaction can influence the performance and shelf life of the 

catalysts [6, 25]. Additionally, low reaction rate consumes more power to initiate the reaction. 

Since external power was supplied to the methanation system in this study, power consumption 

of the reactors was analyzed.  

The total power consumption of the reactors was evaluated under two GRH2 conditions 

(Fig. 3.8). At high GRH2 (0.449 NL/min), the total power consumption (0.156 kWh) was low, 

whereas the total power consumption (0.161 kWh) was high at low GRH2 (0.337 NL/min). A 

stable flow rate with sufficient amount of H2 and CO2 contributed to uniform reaction rates of 

the gases with the catalyst bed. Furthermore, a constant temperature was maintained to sustain 

the reaction. Consequently, the total power consumption was low at high GRH2 and uniform 

reactor temperature.  

 

Fig. 3.8 Analysis on total power consumption of the reactors operating in two 

GRH2 conditions (on July 21, 2020 and August 6, 2020). 
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Solar-to-methane conversion with high methane conversion rates and low power 

consumption promotes an economic and effective system. The Sabatier reaction is highly 

exothermic, releasing 165 kJ of energy to produce 1 mol of methane during the reaction. The 

heat released during the reaction can affect the catalyst performance, and thus, the temperature 

of the reactor needs to be controlled. Furthermore, a transient inlet flow in the reactors can 

affect the reaction rates, consequently, requiring a high temperature to maintain the reaction. 

High operating temperatures and subsequent extreme heating in the reactors are undesirable 

conditions. Thus, the methanation system was evaluated in this study to maintain a constant 

temperature.  

Solar-to-methane production could provide a carbon-free clean energy production 

mechanism with constant production of hydrogen and methane. Solar-based hydrogen provides 

intermittent and unsteady GRH2 to the methanation system due to its dependence on solar 

irradiance. Additionally, the solar-to-gas conversion fluctuates under varying weather 

conditions. Furthermore, the use of batteries to store solar energy not only decreases the 

efficiency of the methanation system, but also increases the cost. However, if solar energy is 

used for hydrogenation and simultaneously stored in the batteries, a constant solar-to-gas 

conversion rate could be provided throughout the year. Subsequently, hydrogen generated 

during the day could be stored and provided to the methanation system, especially during night 

and cloudy days.  

GRH2 is known to fluctuate during actual outdoor operation and thus, cannot be controlled. 

Additionally, it depends on the current applied to the ECs and the amount of electricity 

produced by the CPV modules or supplied by the DC power. A moderate inlet hydrogen flow 

is required to maintain a steady reaction of the methanation system while maintaining a 

constant feed temperature. Conversely, a stable H2 generation rate can be supplemented with a 

DC supply, in the form of a battery. Subsequently, the battery can store solar energy from the 
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CPV modules. In this study, the methanation system was analyzed based on the hydrogen inlet 

rates generated by the DC supply. It highlighted the methane concentration with respect to 

GRH2, constant temperature, and low power consumption of the system.  

We discussed the assumption that the system consisted of a CPV module and a battery that 

stored hydrogen from the solar energy. The total power consumption of the methanation system 

was evaluated and compared between the fully operated GRH2 (1.19 NL/min) [20] and 

controlled GRH2 (0.449 NL/min). The results are summarized in Table 1. In the former case, 

0.145 kWh and 0.281 kWh of power was consumed on sunny and cloudy days, respectively. 

Therefore, the percentage of energy loss was computed as follows:  

Energy loss(%) =
Er con-Er app

Er app

×100, (3.1) 

where, Er con and Er app are the total power consumptions on two days under the conventional 

system and assumed system, respectively. In the conventional system, the required energy to 

maintain the reactor’s temperature decreased to 48.3% on a sunny day, however, an energy loss 

(36.5%) was incurred from impractical H2 production on cloudy days. Conversely, a stable H2 

flow provided a stable operating temperature and resulted in decreasing power consumption. 

If maintaining the high GRH2, the energy loss could be reduced. Thus, an efficient methanation 

system can be developed in the presence of sufficient storage of electricity produced by CPV 

modules and a moderate GRH2. Consequently, energy losses would be significantly reduced 

while ensuring constant generation of hydrogen throughout the year. The findings of this study 

could provide a flexible performance of a methanation system under any weather conditions, 

especially during night and cloudy days. We are continuously measuring the stored energy of 

produced methane and power consumption of the reactors and analyzing the optimal condition 

with high methane concentration and low energy loss for the long-term operation of 

methanation throughout the year based on it.  
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Table 3.1 Summary of the total power consumption, and percentage of energy losses on 

fully operated GRH2 and controlled GRH2. 

System configuration 

Operation 

Temperature 

(°C) 

Total power consumption (kWh) 
Energy loss 

(%) Sunny day Overcast day 

Directly applied by CPV 

module 

(conventional system) 

260 °C 
0.145 kWh  

GRH2 (1.19 NL/min) 

0.281 kWh 

GRH2 (0.00 NL/min) 
36.5% 

Applied by CPV module 

with battery 

(as an assumption) 

220 °C 

0.156 kWh 

GRH2 (0.449 NL/min)   

(H2 generated by CPV 

module energy) 

0.156 kWh  

GRH2 (0.449 NL/min) 

(H2 generated by 

battery energy) 

– 
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3.4  Conclusion 

The power-to-gas conversion was approached from CO2 hydrogenation in which DC-

derived hydrogen was consecutively supplied to the reactors. The Methanation process releases 

extreme heat during the reaction. It would result in catalyst degradation. The reactors in the 

study were provided with external electricity to initiate the reaction process. Subsequently, the 

reaction itself was maintained by the heat released. However, in our previous study, reactor 2 

consumed more energy than reactor 1, although the temperature of reactor 2 maintained at the 

operating set temperature (260 °C). Therefore, it is crucial to reduce the power consumption of 

the reactors while maintaining the operating set temperature and improving the methane 

concentration. 

In this chapter, we analyzed the power consumption of the methanation reactors at various 

hydrogen generation rates, which was the reactant of the methanation reaction). To investigate 

and manage the hydrogen generation rates, we controlled the electricity provided to the DC/DC 

converters, which is the input of the electrolyzers. Regulating hydrogen generation rates using 

solar energy outdoor is difficult due to the intermittent irradiance. Accordingly, the DC 

electricity supply was applied to control the hydrogen flow rate to the reactors. DC electricity 

was varied from 0.2 A to 1.6 A while the hydrogen generation was automatically measured by 

the mass flow meter. It is required to analyze the operating temperature on varied hydrogen 

flow rates to observe the maximum methanation concentration. Therefore, concentration of 

methane, total power consumption, and optimized reactor temperatures was reviewed and 

highlighted. 

The results indicated that the reactors maintained a constant temperature because of 

moderate hydrogen flow rates; additionally, low power consumption at increased GRH2. The 

results also provided that the higher the hydrogen generation, the higher the methanation 

concentration. Additionally, it was found that a stable hydrogen flow could reduce increasing 
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reactors’ temperature and maintain the set temperature. Whereas the results showed that a low 

hydrogen flow feed or hydrogen generation required more energy consumption than a high 

hydrogen generation. Additionally, the concentration of methane improved at a stable and 

moderate hydrogen flow rate.  

The solar-based hydrogen generation was inefficient during cloudy days and nights. 

Therefore, we discussed the assumption and comparison on two systems: fully operated GRH2 

on CPV-derived system and controlled moderate GRH2 using a battery storing energy from the 

CPV. The results provided that the energy loss was incurred in the former case due to 

impractical hydrogen production on cloudy days while the required energy for the reactors 

decreased on sunny day. Whereas in the latter case, energy loss would be reduced with a 

constant and moderate hydrogen generation throughout the year. The findings of this study 

could provide a flexible performance of a solar-based methanation system under any weather 

conditions, especially during night and cloudy days. 
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Chapter 4 

Forecasting solar-to-hydrogen and solar-to-methane energy 

conversion efficiency using Si and IMM PV-modules: a case-study 

in Japan 

4.1  The concept of the system 

In our previous studies, the outdoor solar-to-gas (StG) conversion has been successfully 

accomplished from triple-junction concentrator photovoltaic (CPV) modules. The system 

achieved the highest performance with the sets of DC/DC converters and electrochemical (EC) 

cells. In this chapter, we aimed to estimate the prospective StG conversion from flat PV systems 

based on our outdoor CPV-based results.  

Currently, power-to-gas (PtG) conversion is drawing attention in Japan and the Japanese 

government is promoting cost-effective renewable energy generation and efficient PtG 

conversion (especially for hydrogen production, decarbonization, and storage). Considering 

the SDGs and growing energy demands, it could provide promising benefits for curtailing fossil 

fuels. Besides, methane is another feasible option that can be directly integrated into the current 

gas grid [1], while the infrastructure for hydrogen production and distribution is under 

development [2–6]. 

The energy conversion efficiency is one of the main factors in determining the long-term 

PtG implementation and addressing the capital cost of the efficient system [7–10]. To establish 

and realize an efficient PtG plant in the future, it is necessary to identify power generation and 

predict the potential energy conversion efficiency in the proposed regions. Accordingly, 

forecasting technologies play an essential role in addressing the challenges of implementing an 

efficient energy network. Various forecasting technologies for the solar system have been 

developed to accurately predict solar radiation and PV output [11–17]. In addition, the 
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estimation of potential solar-based hydrogen production concerning techno-economic analysis 

has been investigated by numerous researchers [8–10, 18, 19]. However, a detailed forecasting 

method related to the StG energy conversion technology is currently lacking.  

In our previous studies, we demonstrated the world record solar-to-hydrogen (StH) 

conversion efficiency (24.4%) of concentrator photovoltaic (CPV) cells [20]. Additionally, the 

system was developed from CPV cells to CPV modules (sub-kilowatt output power) and an 

effective combination of electrochemical (EC) cells with DC/DC converters. The system 

provided the highest one-day StH conversion efficiency (18.78%) on a sunny day [21] and 

approximately 15% efficiency on a partial-cloudy day under outdoor operations [22] owing to 

the efficient cooperative performance of EC cells with converters [23]. Subsequently, StG 

conversion was expanded to solar-based methane production. The system achieved 96.1% 

methane composition and 97.6% CO2-to-CH4 conversion efficiency, respectively [22, 24]. 

Moreover, we obtained the highest outdoor solar-to-methane (StM) conversion efficiency 

record (13.8%) on a sunny day [24]. 

Additionally, a power generation prediction model considering all-climate conditions, 

called Miyazaki Spectrum to Energy (MS2E), has been developed from the meteorological test 

data for photovoltaic systems, METPV-11 database at the University of Miyazaki, Japan [17]. 

Accordingly, the amount of energy generated by various PV systems can be forecasted 

nationwide. In this study, we applied this MS2E PV energy prediction method and approached 

the potential StG conversion efficiency from Silicon-PV and inverted metamorphic (IMM) PV 

across Japan. Based on our actual StG measurement data, we approximated the conversion of 

each sub-system, as shown in Fig. 4.1. 

In general, the application of tracking CPV systems is challenging, and the capital cost is 

slightly higher than that of traditional fixed-type PV systems [25, 26]. However, CPV has the 

potential to enable technological improvements with a reduction in cost. Various studies have 
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focused on technical improvements to provide highly efficient and cost-effective CPV systems 

[25, 27, 28].  Whereas silicon-PV types are well-established and commercially available, 

despite their low efficiency. Currently, multijunction cells are promising for improving the 

efficiency of both CPV and PV systems [29–33]. Additionally, these cells are being developed 

with a cost reduction prospect [27, 34–36]. Using the outdoor results as a benchmark, we 

approximated the conversion efficiency of two types of fixed PV modules: Silicon (Si) and 

highly efficient triple-junction inverted metamorphic modules (IMM). In this study, we only 

emphasized the prospective annual conversion efficiency in Japan by two types of flat PV. 

Economic aspects were not discussed in this approach. Additionally, we discuss an efficient 

type of PV module to realize StG conversion in Japan.   

 

 

Fig. 4.1 Diagram layout for the estimation of energy yield of each system and conversion 

efficiencies. Based on the outdoor results, potential efficiencies of converter, EC cells and 

power consumption of reactors were predicted. 
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4.2  The system designs 

4.2.1 Outdoor measurement data  

In our previous studies, a StG conversion was performed using InGaP/GaAs/Ge triple-

junction CPV modules with a tracking system under outdoor test field. Daily solar radiation 

was measured using a pyrheliometer during actual outdoor operations. The input/output 

voltages and current of the CPV modules, DC/DC converters and EC cells were automatically 

measured and monitored. The hydrogen generation rates (GRH2) were determined using a mass 

flow meter (MFM), whereas carbon dioxide flow was controlled by a mass flow controller 

(MFC). The amount of produced gas was directly connected to the gas chromatography through 

pipes and analyzed its amount of concentration in percentage. The amount of methane 

produced was calculated on GRH2 and concentration of produced methane [24], and the energy 

consumption was measured during the experimental periods. The StH conversion was 

performed on sunny and cloudy days, whereas the StM conversion was performed only on 

sunny days. Based on the measured data, we approximated the conversion profiles from the 

input power of each system.  

4.2.2 Simulation databases: irradiance and solar spectrum databases 

To predict the energy yield by the PV system accurately, it is crucial to identify the precise 

solar spectrum in the proposed regions. The meteorological database for Japan (including 837 

sites) was reported by the New Energy and Industrial Technology Development Organization 

(NEDO) [37]. This database is known as meteorological test data for photovoltaic systems 

(METPV-11). METPV-11 provides direct horizontal irradiance (DHI), scatter irradiance (SI), 

and ambient temperature (Tamb). We used these databases for the simulation. Japan has five 

regional solar spectrum databases classified by the NEDO [38]. Based on Bird’s model, the 

Miyazaki-Spectrum-to-Energy (MS2E) method modified the solar spectrum estimation for all-



90 
 

weather conditions considering atmospheric parameters (aerosol density and water 

precipitation) [17]. This method provides improved forecasting accuracy for both clear and 

overcast spectra. The accurate PV-output forecasting methods and simulation results have been 

established [17]. We employed this energy forecasting method to estimate the potential StG 

conversion in Japan. 

4.2.3 Characteristics of Si and IMM modules 

In this study, fixed-type Si (KIS AS-140) and InGaP/GaAs/InGaAs IMM (fabricated by 

SHARP) flat-PV modules were proposed to perform the StG conversion. Potential StG 

conversion efficiencies were approximated using these two modules. This flat-type IMM PV-

module was installed at the University of Miyazaki and its high outdoor performance was tested 

and demonstrated [33, 39]. Therefore, we predicted the energy output of these modules using 

the MS2E method and the METPV-11 data. Subsequently, the potential StG conversion 

efficiencies of these modules were estimated. 

4.2.4 Estimation of energy output by the modules 

To predict the accurate energy yield by the PV system, it is crucial to identify the precise 

solar spectrum on the proposed regions. To determine the energy conversion efficiency of StG 

in Japan, the potential energy yield of the PV modules in t 837 locations was first evaluated. 

Since the crystalline silicon module consists of a single cell, estimation of the short circuit 

current (Isc), open-circuit voltage (Voc), and fill factor (FF) is simple. However, an IMM 

module consists of a combination of semiconductors in a layered structure, and luminescence 

coupling is a case matter for multi-junction solar cells. Therefore, it is necessary to include 

luminescence coupling to estimate the short-circuit current [17, 40]. In multi-junction solar 

cells, the fill factor is improved by the current-mismatching design. The FF was calculated by 

considering the current mismatching ratio between the sub-cells. According to the previously 
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established equations [17], the short-circuit current, open-circuit voltage, fill factor were 

calculated. After that, the annual energy output of a proposed PV module was calculated as 

follows: 

Eout-PVi, j
(kWh)= ∑ ∑ PPVi,j

364

j=0

23

i=0

× t = ∑ ∑ [Jsci, j
×Voci, j

 × FFi, j ×Amod× ƞ
sys

× t]

364

j=0

23

i=0

, (4.1) 

where PPV is the power output of the proposed PV module, Jsc is the estimated short-circuit 

current density, Voc is open-circuit voltage, FF is estimated fill factor, Amod is the area of 

proposed PV module, ƞsys is the system efficiency and t is the duration in hour. The number, 0, 

represents the day number for 1st January and 364 is for 31st December. Similarly, the number 

of hours for a day is expressed from 0 to 23. 

In our outdoor system, three CPV modules were connected in series to perform the StG 

conversion, in which the total output was about 470W (a sub-kilowatt PV system) under 

standard test condition. Four sets of DC/DC-electrochemical cells were attached in parallel to 

the CPV modules. Accordingly, the total electricity output could be increased by manually 

adjusting the number of connected CPV. Regardless of the number of modules, the efficiency 

of CPV was almost similar, whereas the converters' efficiency increased with increasing 

number [21]. The simulation results were similar to those of the outdoor performance. Since 

the area of the IMM module for the simulation model was smaller than the installed CPV, the 

total output energy yield of the IMM was lower than that of the CPV. Consequently, the 

efficiency of the DC/DC converter decreases in the IMM module. Similarly, the Si module 

provided a low energy yield even though it had the same module area as the CPV. To make a 

fair comparison and identify an efficient conversion, the module numbers of the simulation 

model were increased to match the output values provided by the outdoor system. Therefore, 

three Si-modules and 15 IMM-modules were considered in the simulation to achieve the 

highest conversion efficiency with respect to the actual outdoor conditions.  
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4.2.5 Calculation of converter efficiency and its integrated output power 

Since electrochemical cells require a DC supply, DC/DC converters were applied to the 

EC cells to efficiently convert the electrical output from the PV modules. The daily input/output 

currents and voltages were measured under actual outdoor conditions, and the conversion 

efficiency of DC/DC converters was calculated. Based on the outdoor measurement results, the 

efficiency curve profile was identified for the output of PV-modules (which is also the DC/DC 

input). In this simulation model, we approximated the converters’ efficiency and analyzed the 

relationship between the efficiency and energy input of the DC/DC converter. Accordingly, the 

integrated output power of the DC/DC converter was computed as below:   

Eout-DC/DCi, j
(kWh) = fDC/DC× ∑ ∑Eout-PVi, j

 

364

j=0

23

i=0

, (4.2) 

in which fDC/DC is the conversion efficiency approximated from the curve as a function of input 

energy, and Eout-PV represents for the energy yield from the PV-modules.  

4.2.6 Calculation of EC conversion efficiency and its energy output 

The efficiency of EC cells in today’s technologies is between 60-80%, depending on the 

installed type and load factor. PEM-type EC cells are attractive because of their compact design 

and their ability to provide pure hydrogen. PEM electrolyzers (fabricated by Enoah Inc., EHC-

750) were used in our study. The EC cells used in our previous studies were efficient about 

70% under outdoor conditions [21, 24]. The detailed outdoor performance on sunny and cloudy 

days was demonstrated in our previous work [22]. The daily input and output data were 

automatically monitored by the system. The daily conversion efficiency was estimated over the 

years. Since the electricity output was directly applied to the electrochemical cells through 

DC/DC converters, the outputs of DC/DC converters are the input to the EC cells. Based on 

our previous outdoor results, we constructed an approximation curve between the conversion 
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efficiency of EC cells and energy input of the EC cells. The annual integrated output of EC 

cells was estimated as: 

Eout-ECi,j
(kWh)= fEC× ∑ ∑Eout-DCi,j

364

j=0

23

i=0

, (4.3) 

where fEC is the conversion efficiency approximated from the curve as a function of the output 

energy of the DC/DC converters. 

4.2.7 Calculation of hydrogen generation rates and StH conversion 

The energy required to generate hydrogen is the output energy of the EC cells. The 

potential numbers of generated hydrogen were estimated on the output energy produced by the 

EC cells divided by the Faraday constant, number of moles of hydrogen electrons, and the 

theoretical voltage required to split the water molecules. The amount of produced hydrogen 

and the StH conversion efficiency was calculated using the following equations.   

ƞ
StH

(%) = ∑ ∑
Eout-ECi,j

ETSIi,j

364

j=0

23

i=0

=  ∑ ∑
EH2i,j

ETSIi,j

364

j=0

23

i=0

 , (4.4) 

where, Eout-EC is the energy produced by the electrolyzer, ETSI is the integrated annual solar 

irradiance on the proposed module and EH2 is the total energy stored by the generated hydrogen. 

4.2.8 Calculation of energy consumption of the reactors and StM conversion 

As previously mentioned, hydrogen generation is based on sunlight and fluctuates on 

cloudy days [24, 41]. However, a stable flow rate is required to produce methane 

thermodynamically. Since the generated hydrogen was not stored and spontaneously applied 

to the methanation system, the solar-based Sabatier reaction was performed only on sunny 

days, whereas the power-supplied reaction was operated on cloudy days. In this simulation 

study, we used solar-derived methanation results to approximate the reactor power 

consumption under actual conditions. Outdoor methanation analysis was performed on 15th 
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Nov 2019, [(17th/23rd/24th Mar), 2nd Apr, (3rd/8th/10th/18th/23rd/24th Jun), 3rd Jul in 2020], 

[(21st/25th/28th/29th Jan), (3rd/18th Feb), (8th Mar) in 2021. During measurements, the operating 

temperature of the reactors was 260 °C. These 19-days results were used to analyze the 

approximation profile of the reactors’ energy consumption and hydrogen generation. Since the 

reactors were supplied with external electricity, it was necessary to identify the energy 

consumed by the reactors. The energy stored by the generated methane and the StM conversion 

efficiency were calculated as follows:   

nH2(mol) =
∑ ∑ Eout-ECi,j

364
j=0

23
i=0  

1.23 (V)×2×F(C/mol)
, (4.5) 

ƞ
StM

(%)= ∑ ∑ [
ECH4i,j

ETSIi, j
+ Ereactorsi, j

]

364

j=0

23

i=0

= ∑ ∑ [
1/4 × nH2× ƞ

CO2→CH4
 × |∆H|

ETSIi, j
+ Er1i, j

+ Er2i, j

]

364

j=0

23

i=0

, (4.6) 

in which, nH2 is the amount of hydrogen in moles produced by the electrolysis process, F is the 

Faraday’s constant, ECH4 is the energy stored by the generated synthetic methane, ƞCO2→CH4 is 

the percentage of CO2 to CH4 conversion, and ∆H is the combustion energy of methane. Ereactors 

is the energy consumed during the reaction, in which Er1 and Er2 are estimated as a function of 

hydrogen flow. Er1 and Er2 are the energy consumption of first reactor and second reactor, 

respectively. The amount of methane generated was correlated to one-fourth of the amount of 

hydrogen flow to the reaction and multiplied by the CH4 concentration percentage [24]. In our 

study, we obtained 97.6 % as the CO2 to CH4 conversion rate at an operating temperature of 

260 °C and the molar ratio of 1:4 (CO2:H2) [24]. We observed that the energy consumed by the 

reactors depended on the hydrogen feed flow to the reaction [24, 41]. A stable and moderate 

hydrogen flow provided a lower power consumption. Accordingly, the energy consumption by 

the Sabatier reaction was approximated based on the hourly amount of integrated hydrogen 

feed during the experimental period. 
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4.3  Results and discussion 

4.3.1 Approximation curves of DC/DC converters and EC cells under outdoor performance 

As the conversion efficiency of DC/DC converters is determined by the output of PV 

modules, it is important to identify the total energy output of the PV system. The converter 

efficiency was approximated from the outdoor results. 

As shown in Fig. 4.2, the efficiency was fluctuated and low when the input energy (Ein-

DC/DC) was low. However, the efficiency was steady at approximately 90% if the input was 

high. Using the localized polynomial regression method, we approached the potential hourly 

conversion efficiency as a function of DC/DC input provided by the PV system. Then, the 

integrated power output of DC/DC converters was estimated, and the annual conversion 

efficiency was evaluated on the total energy yield of DC/DC and PV.  

As shown in Fig. 4.3, the conversion efficiency of the EC cell decreases with increasing 

input energy (which is the energy output of DC/DC). Similarly, the potential EC cell efficiency 

was approximated using a linear regression method. The energy produced by the EC cells was 

estimated as a function of DC/DC output. Subsequently, the potential amount of hydrogen 

generation was predicted. Finally, the yearly conversion efficiency of EC cells was estimated 

on the potential energy yield by the EC cells and the energy produced by the DC/DC. 
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Fig. 4.2 Approximation curve profile of DC/DC converters efficiency with 

respect to DC/DC input energy. 

 

 

Fig. 4.3 Approximation curve profile of EC cells efficiency with respect to 

DC/DC output. 
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4.3.2 Energy consumption of the reactors under actual hydrogen generation 

Since the methanation system involves a heat-released process, it is important to provide a 

moderate inlet feed at a suitable temperature to achieve low energy consumption. Therefore, 

we used outdoor data at 260 °C, which provided a high concentration of methane. Based on the 

actual outdoor hydrogen flow, the energy consumed by the reactors was approximated using 

the localized polynomial regression method. 

Since we used two reactors in a series connection, the Sabatier reaction was more favorable 

in the first reactor and subsequently, it maintained the required energy owing to its exothermic 

nature. As shown in Fig. 4.4, the power consumption increased and fluctuated with low 

hydrogen generation. Additionally, the reactor requires energy to initiate the reaction. 

Subsequently, the reaction is maintained, and the energy consumption decreases. The energy 

consumption of the second reactor is higher than that of the first reactor, as shown in Fig. 4.5. 

Based on this data, the potential power consumption of the reactors was approximated using a 

localized polynomial regression method. During outdoor measurements, the hydrogen flow 

was measured every 10s. In the simulation model, we approached the energy consumption from 

the hourly integrated amount of hydrogen. The maximum amount of hydrogen flow under 

outdoor performance was 3.26 mol. The potential amount of hydrogen generation for this 

simulation was provided by equation (4.5), and energy consumption was approximated based 

on the estimated amount of hydrogen. 
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Fig. 4.4 Approximation curve profile of the effect of energy consumption on 

amount of hydrogen generation for first reactor. 

 

 

Fig. 4.5 Approximation curve profile of the effect of energy consumption on 

amount of hydrogen generation for second reactor. 
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4.3.3 Potential StH and StM conversion efficiency in Japan 

We estimated the annual StH energy conversion efficiency at 837 sites in Japan. Figures 

4.6 and 4.7 show the nationwide StH conversion and StM conversions, respectively. 

Fig. 4.6 (a) and (b) show the estimated annual StH conversion from the Si and IMM PV 

modules. The crystalline Si module provided low StH conversion in the southwest region and 

showed the highest value in the northeast region. However, the conversion was double for the 

IMM module compared to that of the Si Module. Additionally, a high conversion was achieved 

nationwide because of the multi-junction PV and the efficient sets of DC/DC converters and 

EC cells. Similar to the Si-module, the highest conversion was obtained in the northern part of 

Japan. It means that the module’s conversion efficiency (which is affected by the module’s 

temperature) is one of the dominant factors for achieving a high StH conversion.  

Similarly, the solar-to-methane conversion efficiency was estimated at 837 locations. Fig. 

4.7 provides the nationwide potential StM conversion efficiencies. A high StM conversion was 

achieved in the northeastern parts of Japan and provided the lowest value in the southern part, 

where the conversion was proposed from the Si-PV module. A pattern similar to that of the Si-

PV system was achieved for the proposed IMM module system. In both StH and StM 

conversions, the IMM modules provided the highest value (two times higher than that of the 

Si module). 
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Fig. 4.6 Forecasted graphs of nationwide annual solar-to-hydrogen conversion 

efficiency (a) from the Si-PV module. 

 

Fig. 4.6 (b) from the IMM-PV module. 
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Fig. 4.7 (a) Forecasted graph of nationwide annual solar-to-methane conversion 

efficiency from the Si-PV module. 

 

Fig. 4.7 (b) Forecasted graph of nationwide annual solar-to-methane conversion 

efficiency from the IMM-PV module. 
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In this study, we provided the potential annual StG conversion efficiency of two types of 

PV systems based on the MS2E PV energy prediction method. Since the StG conversion was 

performed on a set of converters-EC cells, the conversion efficiency of DC/DC and EC cells 

was approximated on the outdoor results. However, the efficiency of DC/DC converters is 

influenced by the input value of the PV module, which provides a low conversion if the input 

power is low. Therefore, we discussed the potential types of PV for efficient StG conversion 

in Japan as follows. Fig. 4.8 provides the monthly conversion efficiencies of the Si and IMM 

PV modules. Note that the monthly conversion efficiency was estimated only for Miyazaki. 

As shown in Fig. 4.8, the conversion from the IMM module decreased, especially in spring 

and summer. This is due to the spectrum mismatch loss behavior that mainly appears in the 

muti-junction cells. In the summer season, Japan has a warm air surface, which results in 

frequent precipitation of water. Accordingly, the IMM module was considerably affected by 

spectral changes in the atmospheric parameters and cloud conditions. The Si module provided 

a steady conversion throughout the year. The StG efficiency is influenced by the value of 

efficiency of each subsystem. Therefore, it is important to identify the highest conversion 

system for installing outdoor PtG systems. Accordingly, in the proposed simulation, the 

number of modules was increased until the output power reached the maximum value provided 

by the outdoor CPV module. Therefore, three modules were proposed for Si-based StG 

conversion, and 15 modules were considered for the IMM-based StG simulation. Table 4.1 and 

4.2 show the comparison of the one-day predicted values of sub-system conversion efficiencies 

on Si and IMM modules.  

Under the same output conditions, the proposed IMM modules provided a high one-day 

efficiency that was close to the value (Ref. 24) provided by the outdoor CPV system. However, 

the module number for IMM PV-based method would increase the capital cost for the StG 

conversion. On the other hand, Si modules offered relatively equivalent values for converters 
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and EC cells to the outdoor system. However, the one-day StH and StM conversion efficiencies 

decreased comparatively. Tracking technology brings an advanced utilization of PV modules 

under an outdoor system. Si modules with two-axis tracking can produce the highest energy 

yield [17]. However, the StG conversion in this type of PV system was not analyzed in this 

simulation. On the other hand, the multijunction type IMM module has the potential to provide 

a developing conversion with a cost reduction improvement. The IMM module is promising to 

for effective StG conversion if it can improve the efficiency of the cell within the module area. 

Therefore, this study could contribute to identifying a highly efficient PV module that could 

provide a large power output to the converters, as well as the potential for high StG conversion 

in Japan. 

 

Fig. 4.8 Solar-to-hydrogne and solar-to-methane monthly conversion efficiency using the 

Si-PV and IMM-PV modules (a case-study for Miyazaki). 
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Table 4.1. Summary of the one-day predicted energy yield by each sub-system in the Si-

PV and IMM-PV modules. 

System 

configuration 

ETSI (PV) 

(kWh/m2) 

Eout (PV) 

(kWh/m2) 

Eout (DC/DC) 

(kWh/m2) 

Eout (EC) 

(kWh/m2) 

Si-PV module 5.652 0.792 0.711 0.492 

IMM-PV module 6.628 2.006 1.803 1.236 

 

Table 4.2. Summary of the one-day predicted sub-system efficiencies in the Si and IMM 

PV modules. 

System 

configuration 

ƞ(PV) 

(%) 

ƞ (DC/DC) 

(%) 

ƞ (EC) 

(%) 

ƞ (StH) 

(%) 

ƞ (StM) 

(%) 

Si-PV module 14.01 89.77 69.12 8.705 6.994 

IMM-PV module 30.27 89.88 68.56 18.65 15.04 
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4.4  Conclusion 

In this section, we approximated the potential solar-to-hydrogen and solar-to-methane 

conversion efficiencies in Japan form two types of flat PV modules. Since DC/DC-EC sets are 

main core in the solar-to-gas conversion, the estimation of their efficiency was approached 

from the outdoor performance. Based on the outdoor results, the conversion efficiency of 

DC/DC converters, EC cells and reactor’s power consumption was approximated using the 

regression method. While irradiance energy input, power and energy output of proposed PV 

modules were estimated on Mathcad by using the METPV-11 database and MS2E method. 

Then, the energy output of each sub-system in solar to gas conversion was estimated.  

In this study, we presented the potential solar-to-gas conversion from flat-type Si PV and 

IMM-PV modules. These types of modules have been installed and demonstrated their high 

outdoor performance at the University of Miyazaki. To fairly compare to our outdoor StG 

conversion system, the number of proposed modules was increased till their output match the 

value provided by our outdoor system. After that, we forecasted monthly and a one-day StG 

conversion for Miyazaki from Si-PV and IMM-PV modules and compared the estimated results. 

Then, we approached nationwide annual StG conversion in Japan. 

According to the simulation results, IMM modules provided a high conversion with 17–

18% for StH and 13–14% for StM nationwide, which is close to the world’s highest value for 

the outdoor StG system performed at the University of Miyazaki (our previous studies). 

However, the number of IMM modules used for the conversion could be a matter from the 

economical viewpoint. While fixed Si-PV provided a low conversion efficiency of 8–9% and 

6–7% for StH and StM, respectively. Nonetheless, IMM modules are promising to improve 

their efficiency and output. Compared to our outdoor performance, an IMM module or a 

tracking CPV system would be a promising technology for solar to gas conversion if the system 

could provide a high value of conversion.  
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Chapter 5 

Summary and conclusion  

5.1 Conclusion 

In this thesis, we presented outdoor solar-derived methanation performance on concentrator 

photovoltaic (CPV) modules and a relationship of its operating parameters with the hydrogen 

generation rate to the reaction. We also presented potential solar-to-hydrogen and solar-to-

methane conversion efficiencies in Japan by proposing two types of PV modules. The first 

approach was to analyze the performance of methanation reaction from solar-derived hydrogen 

and estimate the efficiencies of CO2 to CH4 conversion and solar-to-gas conversion while the 

operating parameters of the methanation system were analyzed. This outdoor methanation 

study was performed on the direct hydrogen gas produced from the water electrolysis process 

by InGaP/InGaAs/Ge triple-junction CPV modules. We studied the performance of the 

methanation system on a sunny day and an overcast day, respectively. 

The second approach was to focus on the methanation energy consumption on the inlet 

hydrogen flow rate provided by the electrolysis process. It plays a vital role in estimating solar-

to-methane conversion efficiency. Therefore, it is required to identify the amount of hydrogen 

generation rate that could result in low energy consumption and maintain a constant reaction 

temperature. Solar-derived hydrogen production is intermittent on climate conditions, and it 

would be inappropriate to moderate the hydrogen generation rate under sunlight. Therefore, 

the methanation reaction in this study was conducted on various hydrogen flow rates in which 

hydrogen generation was regulated by using a DC supply. The relationship of hydrogen flow 

rate to the methanation total power consumption was analyzed.  

After that, we predicted potential StG conversion efficiency in Japan based on our outdoor 

results. In this study, we proposed two types of PV system and predicted their output energy 
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using the METPV-11 database and the MS2E method. Besides, we approached potential 

conversion efficiencies of DC/DC converters and EC cells from the outdoor results.   

Chapter 2 

An outdoor solar to gas conversion was attempted on a sunny day and an overcast day from 

CPV modules with a tracking system. In our system, CPV modules utilized the MPPT 

technique, and EC cells were linked to the DC/DC converters proposed with “the perturb and 

optimizing (P&O) with converter scoring” method. It adaptably performed on both sunny and 

cloudy days and was designed to turn off some converters' operation at low output resulting in 

a high StH conversion under outdoor conditions. Hydrogen generated by the solar-based 

electrolysis process was directly supplied to the methanation reaction. Methanation reaction 

was carried out on two reactors provided with Ni-based catalyst. With the support of a catalyst, 

hydrogen gas from solar-derived electrolysis was reacted inside the reactors to CO2 gas 

introduced via a tank. 

 In this chapter, we introduced each system utilized in conducting StG conversion. Then, 

the performance of the methanation system was fully described. CO2 to CH4 conversion 

efficiency was estimated at various operating temperatures. Based on the results, an optimum 

operating temperature was determined. After that, we verified the best stoichiometric ratio that 

yielded a high CO2 conversion efficiency. The system provided a high CO2 to the CH4 

conversion efficiency of 97.6% at the operating temperature of 260 °C. We also analyzed the 

reactors’ temperature during the reaction on these two weather conditions. On a sunny day 

operation, the first reactor increased over the operating setting temperature (260 °C) while its 

power consumption was stable after an initial increase.  

Conversely, the second reactor was maintained and stable at the operating temperature, 

whereas its power consumption was high during the reaction. On the other hand, the power 

consumption of both reactors increased consecutively under the overcast operation. Subsequent 
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to this, we estimated one-day elementary efficiencies of each system and solar-to-methane 

conversion efficiency on a sunny day condition. Methane generation rate was evaluated on the 

generation rate of input H2 into the reaction and calculated in moles. In that calculation, we 

assumed that the CH4 generation rate corresponds to ¼ times input H2. It was multiplied with 

CO2 to CH4 conversion (97.6%). The conversion of CO2 to CH4 was quantified by QMS. We 

achieved solar to the methane conversion efficiency of 13.8% on sunny day conditions.  

From the previous results, we can conclude that high conversion efficiency of solar to 

methane (13.8%) was obtained during the outdoor operation on a sunny day. Additionally, we 

observed that the reaction (a heat release process) increased the temperature of first reactor 

whereas it maintained a constant power consumption after an initial increase. On the other hand, 

a low reaction rate resulted the power consumption of the second reactor to increase. Therefore, 

the next step was to emphasize the power consumption of the reactors on the inlet hydrogen 

flow rate (which is also the generation rate of the electrolysis process) to the methanation 

system.  

Chapter 3 

Since the reaction is a heat-released process, it is necessary to reduce the reactor's 

temperature as well as the energy consumed by the reactors. The reaction is influenced by the 

inlet flow rate of feed gases (CO2 and H2). In our system, we directly applied hydrogen from 

the electrolysis process to the methanation reactors while pure CO2 was provided through the 

pipeline from the tank. Therefore, we focused on the methanation energy consumption on the 

inlet hydrogen flow rate in this chapter. 

In this study, we performed the electrolysis process using DC supply to steady its 

generation rate and to better understand its influence on the methanation power consumption. 

Firstly, the generation rate was regulated and performed at the previous operating temperature 

(260 °C). The highest methane concentration was figured out based on two optimum hydrogen 
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generation rates (0.337 and 0.449 NL/min). Then, we analyzed the optimum operating 

temperature on these hydrogen generation amounts. The results provided that the highest 

methane concentration was achieved at the operating temperature of 220 °C on controlled 

hydrogen. 

Subsequently, we verified the stability of methane composition for a 4 h operation period 

and performed two different days for each GRH2 (0.337 and 0.449 NL/min). Then, we analyzed 

and measured the temperatures of the reactors in which the operating temperature was set to 

220 °C. After that, we evaluated the total power consumption of the reactors on these 

corresponding GRH2. Based on the results, we determined the optimum GRH2 that provided the 

highest methane concentration and resulted in low power consumption. We also discussed a 

hypothesis on the energy loss on fully-operated GRH2 (1.19 NL/min: previous outdoor results) 

from the CPV module and a controlled GRH2 (0.449 NL/min) by a battery storing hydrogen 

from the solar energy.  

This chapter provided that the reactor’s temperature was constant at a set operating 

temperature if moderate and constant hydrogen flow was provided. Additionally, we also 

observed that high GRH2 resulted in low total power consumption. Methane concentration 

improved at a moderate and controlled hydrogen generation. The required energy for the 

reactors was reduced on a fully-operated GRH2 under sunny day conditions; additionally, there 

would be energy loss (36.5%) due to impractical hydrogen generation and flow to the reactors 

on cloudy days. Therefore, we concluded that a flexible solar to methane conversion system 

under any climate conditions can be obtained if the hydrogen inlet flow is controlled or 

moderate and stable hydrogen generation is provided using a battery.  

Chapter 4 

In this chapter, an approach to realizing solar to gas conversion in Japan was introduced 

using the simulation method. This approach utilized the METPV-11 database and MS2E 
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method to predict the energy output of proposed PV modules. MS2E energy prediction method 

is well-developed with an estimation of the solar spectrum on all climate conditions and 

accurate output forecasting results. The conversion efficiencies of DC/DC converter and EC 

cells were approximated based on the previous outdoor results. In this approach, we used the 

outdoor results performed at the operating temperature of 260 °C.  

In this simulation, we proposed solar to gas conversion from the flat PVs. Silicon PV 

modules are well-established and commercially available in solar cell production. On the 

contrary, multi-junction cells are improving their efficiency and are being developed with a 

low cost. Therefore, we forecasted output energy and estimated solar to gas conversion 

efficiency from these modules. Since DC/DC converters were linked to the electrolyzers in our 

outdoor system, the efficiency of converter increased with an increasing number of PV modules. 

To match the output of each sub-system and make a fair comparison to our outdoor 

performance, we proposed 15 modules and 3 modules for the IMM-PV and Si-PV in this 

approach.  

Approximation curves for the converter and EC cells efficiencies were identified based on 

our outdoor results. Then, they were approximated on the output of PV modules and converters, 

respectively. After that, the energy output of EC cells was predicted. We also forecasted the 

annual amount of hydrogen production in 837 locations in Japan. Subsequently, we approached 

the efficiency of solar to hydrogen conversion. 

In the latter part of solar to gas conversion, we considered the reactors’ energy consumption 

as an input value to estimate the solar to methane conversion efficiency. Accordingly, we 

initially identified the energy consumption profile of the reactors on the outdoor hydrogen 

generation results. Then, we forecasted these values on the predicted amount of hydrogen and 

methane generation. The amount of methane was estimated ¼ times that of hydrogen and the 

concentration of methane in percentage. After that, we approximated nationwide solar to 
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methane conversion efficiency at 837 places. We also discussed the values of the monthly solar 

to the gas conversion efficiency of these two proposed systems. After that, we summarized the 

predicted values of one-day conversion efficiency and energy yield by each sub-system.  

The results in this chapter provided that a low StH and StM conversion resulted in the 

southwest regions of Japan. On the contrary, it showed high values in the northwest parts for 

both PV modules. However, the amount of the proposed IMM modules system was double 

(17–18% for StH and 13–14% for StM) compared to that of the conversion from the Si system. 

The southern part of Japan has a hot climate condition than the northern region. Additionally, 

the PV efficiency is influenced by the ambient temperature. Therefore, we concluded that solar 

cells’ conversion efficiency is one of the dominant factors in the estimation of StG conversion 

to provide a high value in efficiency. This simulation method can be applied to predict 

worldwide potential StG conversion efficiency anywhere if the global solar irradiance data are 

available. Therefore, this StG efficiency prediction method would be a promising approach to 

broaden green hydrogen and CO2 reduction, resolving global warming.    

5.2  Future work 

The reactors’ energy consumption is one of the critical factors in estimating the StM 

conversion efficiency and is dependent on the reaction rates, which are influenced by the 

hydrogen flow rate to the reactors. The previous results in Chapters 2 and 3 provided the power 

consumption of the reactors under two different climate conditions: a sunny day and an 

overcast day. Additionally, these chapters highlighted the relationship between its energy 

consumption on the amount of hydrogen generated by the electrolysis process. Chapter 3 

provided an improved system with a controlled hydrogen generation; however, regulating its 

production under sunlight could be impractical due to intermittent energy production. For 

future work, we suggest an idea to use a battery storing solar energy in the daytime and perform 

the electrolysis and methanation system, especially on night-time and overcast days.  
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Another possible suggestion is to reduce the consumption and control the set operating 

temperatures by providing two different temperatures to the reactors. However, manipulating 

the released heat during the reaction could be difficult because of the exothermic process. 

Although the energy consumption of the reactors can reduce at low operating temperatures, the 

temperature of the reactors will increase with the reaction unless the inlet of hydrogen rates is 

not controlled. This kind of behaviour would accelerate catalyst deactivation over a long 

operation period. Additionally, intermittent hydrogen generation cannot be negligible under 

sunlight operation. However, the conversion efficiency could be improved by reducing the 

energy consumption of the reactors. 
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Appendix A 

Nomenclature and Abbreviations  

GHG  Greenhouse gas  

IEA  International energy agency 

PV  Photovoltaic 

PtG  Power-to-gas 

SNG  Synthetic natural gas 

SDGs  Sustainable development goals 

AEL  Alkaline electrolysis 

PEM  Proton exchange membrane 

StG  Solar-to-gas 

CPV  Concentrator photovoltaic 

EC  Electrochemical  

MPPT  Maximum power point tracking 

StH  Solar-to-hydrogen  

DNI  Direct normal irradiance 

MEA  Membrane electrode assembly 

GRH2  Hydrogen generation rate 

MFM  Mass flow meter 

PID  Proportional, integral, derivative 

MFC  Mass flow controller 

QMS  Quadrupole mass spectrometer 

ƞStM  Solar to methane efficiency 

∆H  Combustion energy of methane 
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EDNI  Integrated irradiance 

Ereactors  Energy consumed by the reactors 

ƞCPV  Conversion efficiency of CPV module 

ƞDCDC  Conversion efficiency of the DC/DC converters 

ƞEC Energy conversion efficiency from DC electricity into the free energy of 

hydrogen at the electrolyzer 

GC  Gas chromatography 

Ar  Argon 

Er con  Total power consumptions on two days under the conventional system 

Er app  Total power consumptions on two days under the assumed system 

StM  Solar-to-methane 

MS2E  Miyazaki spectrum to energy 

METPV-11 Meteorological test data for photovoltaic systems 

Si  Silicon 

IMM  Inverted metamorphic 

NEDO  New energy and industrial technology development organization 

DHI  Direct horizontal irradiance 

SI  Scatter irradiance 

Tamb  Ambient temperature 

Isc  Short circuit current 

Voc  Open-circuit voltage 

FF  Fill factor 

PPV  Power output of PV module 

Jsc  Short-circuit current density 

Amod  Area of module 
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ƞsys  System efficiency 

t  Duration in hour 

fDC/DC Approximated conversion efficiency from the curve as a function of DC/DC 

input energy 

Eout-PV Output energy of PV module 

Ein-DC/DC Input energy of DC/DC 

Eout-DC/DC Integrated output power of DC/DC 

Eout-EC Energy produced by the electrolyzer 

fEC Approximated conversion efficiency from the curve as a function of DC/DC 

output energy 

ETSI Integrated annual solar irradiance on the proposed module 

EH2 Total energy stored by the generated hydrogen 

nH2 Amount of hydrogen in moles produced by the electrolysis process 

F Faraday’s constant 

ECH4 Energy stored by the generated synthetic methane 

ƞCO2→CH4 Percentage of CO2 to CH4 conversion 

Er1 Consumption energy of first reactor  

Er2 Consumption energy of second reactor 

ƞPV Conversion efficiency of PV module 

ƞStH Conversion efficiency of solar-to-hydrogen 

ƞStM Conversion efficiency of solar-to-methane 
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