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ABSTRACT
Objective: The electricity-to-hydrogen technology can convert surplus renewable energy electric energy into chemical energy. Hydrogen plays an
important role in transportation, power generation, and other fields. Therefore, developing electrochemical (P2X) technology for renewable energy
consumption effectively solves renewable energy curtailment.

Methods: The four aspects of market scale, technical route, energy conversion efficiency, and demonstration project progress are reviewed, and the
energy efficiency of the four electrochemical technologies is compared, Power consumption, marginal electricity price, equivalent output, and
market share five major technical and economic indicators. To analyze the strengths, weaknesses, opportunities, and threats of P2X in China, a
literature review survey was conducted, relying on recent two-decade publications from four main publishers: Scopus, Springer, Wiley, and Taylor
and Francis. Keywords were selected from the first-hand references based on their impact on P2X or related topics listed in the literature databases.
The keywords as Power to X, Power to chemicals, PtX, and P2X were chosen according to their actual involvement or keen interest in P2X projects.
Results: The research results based on the low-temperature electrolysis technology route show that the comprehensive energy efficiency of the
electricity-to-methane and electricity-to-gasoline technologies is higher (50%); the electricity-to-gasoline technology is the most economical
(marginal electricity price is 0.37 yuan/kWh), but the synthesis process requires carbon monoxide and carbon emissions, And the technical risk is
high; the promotion of electricity to ammonia will have the greatest impact on the market (17.18%). Reducing coal consumption by about 22.85
million tons and the environmental protection significance of electricity-to-ammonia conversion (reducing carbon emissions by about 39.1 million
tons) are two important directions for future electrochemical technology.

Conclusion: Facing the development of P2X technology in the future, the plan and economics of the high-temperature electrical and chemical
technology route based on high-temperature solid oxides were preliminary discussed and prospected.
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INTRODUCTION
To respond to global warming caused by carbon emissions, ease the pressure on fossil energy supply, and ensure national energy security, China
has actively promoted renewable energy represented by wind power, photovoltaics, and hydropower in recent years and promoted a cleaner
energy consumption structure. Low-carbon transformation. In 2018, China’s renewable energy power generation capacity was 1,776.4 billion kWh,
and the installed capacity was 711.15 million kW, accounting for 26% and 38% of the total power generation and installed capacity, respectively.
However, due to the volatility, randomness, and seasonal characteristics of renewable energy output, China’s renewable energy curtailment reached
102 billion kWh in 2018, exceeding the Three Gorges Power Station [1, 2].

The electricity-to-hydrogen technology is an important technical means to realize large-scale renewable energy consumption [3]. Through the
hardware system with the electrolytic cell as the core, electrical energy can be converted into chemical energy in hydrogen, used in subsequent
diverse terminal applications such as chemical industry, transportation, power generation, heating, and gas storage [4, 5]. In addition, the load
power of the electrolytic cell is relatively flexible, which can quickly track specific power adjustment commands and participate in grid dispatching
as a flexible load resource, thereby improving grid flexibility and promoting renewable energy consumption [6, 7]. At present, electrolyzers based
on low-temperature electrolysis technology (alkaline, proton exchange membrane) are relatively mature, and the single-stack power has reached
megawatts level, and the comprehensive energy efficiency is 60%~70% [8]. On the other hand, the high-temperature solid oxide electrolysis
technology developed in recent years is expected to be more energy-efficient. Therefore, it is further increased to more than 85% [9].
China’s national and local governments have issued several support policies related to hydrogen energy [10]. In April 2016, the Energy Technology
Revolution and Innovation Action Plan (2016-2030) jointly issued by the National Development and Reform Commission and the National Energy
Administration listed Hydrogen Energy and Fuel Cell Technology Innovation as China’s energy strategy, and the Government Work Report
mentioned promoting the construction of charging and hydrogen refueling facilities [11]. Made in China 2025 report also puts forward a nationallevel plan for fuel cell vehicles, that is, to achieve the production of 1,000 fuel cell electric vehicles in 2020 and conduct demonstration operations
[10]. However, currently limited by fuel cell technology, hydrogen energy in fuel cell-based transportation, power generation, and other fields is
relatively small, and it is difficult to match the current level of renewable energy curtailment [12]. Relying on the huge potential of hydrogen
application in the chemical industry at this stage, the development of power-to-X (P2X) technology for renewable energy consumption is another
way to solve renewable energy curtailment [13].

In addition, in addition to the consumption of renewable energy, the P2X method is used to replace traditional fossil energy (such as coal chemical)
production capacity. On the one hand, it can reduce fossil energy consumption and the emission of pollutants in fossil energy utilization and meet
the low-carbon energy consumption of the chemical industry [11]. Sustained development needs; on the other hand, the use of power grids for
energy transmission instead of traditional material transmission to realize the distribution and localization of chemical products can also reduce
transportation time and costs to a certain extent, which is expected to reduce the terminal prices of chemical products further [14].
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This article first starts with China’s renewable energy curtailment and the foreseeable market scale in the hydrogen fuel cell field, analyzes the
future demand for P2X technology, and then studies power-to-ammonia (P2A) and power-to-methane (P2CH4), power-to-methanol (P2CH3OH),
and power-to-gasoline (P2G), which are the four major electrochemical technologies in market size, technical route, energy consumption, and
Demonstration Project [9]. The technology and process of various P2X conversion equipment, including electricity to hydrogen, are still in the rapid
development stage, and the cost of the equipment varies greatly. To clarify the advantages and disadvantages of different P2X technology routes,
this article uses energy conversion efficiency and power consumption in the P2X process [7]. The main concern is the amount of energy. On this
basis, the cost of the main raw materials (water, nitrogen, carbon monoxide, etc.) involved in the chemical reaction is considered, and the energy
efficiency, power consumption, marginal price, equivalent output, and market share of the four P2X technologies are analyzed and calculated.
Comparing five technical and economic indicators, combined with technological development, analyzes the feasibility and comprehensive social and
economic benefits [10]. Facing the development of P2X technology in the future, a preliminary discussion and outlook on the technical route and
economics of high-temperature electrochemical technology-based on high-temperature at the end of this paper, solid oxide, are carried out [8].

To analyze the strengths, weaknesses, opportunities, and threats of P2X in China, a literature review survey was conducted, relying on recent twodecade publications from four main publishers: Scopus, Springer, Wiley, and Taylor and Francis [13-16]. Keywords were selected from the firsthand references [17-19] based on their impact on P2X or related topics listed in the literature databases [6]. The keywords as Power to X, Power to
chemicals, PtX, and P2X were chosen according to their actual involvement or keen interest in P2X projects.
MATERIALS AND METHODS

China’s renewable energy curtailment has shown an overall upward trend in recent years, as shown in fig. 1.

According to the Blue Book of China’s Hydrogen Energy Industry Infrastructure Development, the future development goals of China’s hydrogen
energy and fuel cell industry are shown in fig. 2 [11].

When designing classroom activities, teachers should go out of the form of group discussion and results from display to create problem-based,
project-based, and task-based contextual activities for students [9]. The disconnect between the form and content of classroom activities and reality
is the key factor that cannot attract students. When in a real situation, learners need to consider all real situations as a whole, not just focusing on a
certain concept being learned [12]. A situation closer to life, more realistic problems, can stimulate learners’ interest and encourage them to
mobilize all their attention and devote themselves to corresponding activities. Teachers create a unique and pleasant learning experience for
students in this link, and at the same time, can strengthen the teacher’s professional identity [13].
In 2018, Japan’s JGC company built a renewable energy-based electricity-to-ammonia demonstration plant at the Fukushima Renewable Energy
Research Institute in Koriyama City, Fukushima Prefecture, with a production capacity of 20 kg/d. As a result, the corresponding renewable energy
fluctuating output has been completed. Variable load synthetic ammonia operation test [14].

Fig. 1: China’s renewable energy curtailment from 2011 to 2018 (adopted from [9])

Fig. 2: Fuel cell market in Asia (adopted from [13])
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According to China’s renewable energy curtailment data in 2018, based on alkaline or proton exchange membrane electrolysis technology
(collectively referred to as low-temperature electrolysis technology), about 1.855 million tons of hydrogen can be produced, which is far greater
than the 143,600 tons of hydrogen used in fuel cell transportation and power generation [15]. It can be seen that the scale of application of
hydrogen energy in the fuel cell field is difficult to match the volume of surplus renewable energy power. At present, hydrogen is still mainly used in
the chemical market to synthesize important chemical products such as ammonia and methanol. The main uses and consumption of hydrogen in the
chemical market in China in 2015 are shown in fig. 3 [12].
Therefore, taking advantage of the huge demand for hydrogen in the chemical market, transforming surplus renewable energy into major chemical
products, and injecting it into the chemical market through P2X technology is an effective way to solve renewable energy consumption shortly [14].
Combining with the current main application channels of hydrogen energy in the chemical market, the following four types of electrochemical
technologies will be mainly selected to analyze electricity to ammonia, electricity to methane, electricity to methanol, and electricity gasoline.
Comparative study

P2X is a concept that has emerged in recent years. It refers to converting electrical energy into hydrogen through a hardware system with
electricity-to-hydrogen as the core, combined with subsequent chemical processes to generate bulk chemical products such as ammonia, methane,
methanol, and gasoline [16].
Electricity to ammonia technology

At present, the relatively mature technology route of electric-to-gasoline is low-temperature electrolysis for electric-to-hydrogen conversion
through carbon monoxide hydrogenation and Fischer-Tropsch reaction to synthesize gasoline. There are two main reactions: water electrolysis to
produce hydrogen; the other is carbon monoxide hydrogenation and Fischer-Tropsch synthetic oil. Due to the complex composition of gasoline, the
main component is octane C8H1, so in the reaction equation and the following analysis, replace it with octane that is similar to its calorific value:

At present, the more mature technical route of electrotransformation is as follows: firstly, electrotransfer hydrogen through an electrolytic cell, and
then synthesize ammonia from nitrogen and hydrogen through the Haber ammonia synthesis reactor. The basic process is shown in fig. 4. The
reactions involved are mainly hydrogen production by electrolysis of water [17] as the Haber synthesis of ammonia reaction [18]. The specific
reaction equation is as follows:
1

H2 O → H2 + O2 , ∆H0298k = 285.8kJ/mol ……. (1)
2

1

N2 + 3H2 ↔ 2NH3 + O2 , ∆H0298k = −92.4kJ/mol …… (2)
2

It can be seen from the loading values of the soil nutrient indicators on each principal component in table 3 that on the first principal component,
the coefficients of organic matter, total nitrogen, and total phosphorus (>0.75) are significantly greater than other nutrient indicators, that is, the
first principal component Represents the comprehensive nutrients of the soil. In contrast, the second principal component has a large positive
correlation with available phosphorus (r=0.839) and hydrolyzable alkali nitrogen (r=0.795), and a large negative correlation with soil pH (r=0.736); that is, the second principal component mainly reflects the supply status of soil available phosphorus and available nitrogen; the third
principal component has a large positive correlation coefficient with total soil potassium and available potassium (r=0.643, r=0.853), It shows that
the third principal component mainly reflects the nutritional status of soil potassium [15].

Fig. 3: Application pathways of hydrogen (adopted from [17])
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Fig. 4: Flow chart of power-to-ammonia (adopted from [16])

There are three main technical routes for hydrogen production by electrolysis: alkaline, proton exchange membrane, and high-temperature solid
oxide [17]. The first two technical routes are also called low-temperature electrolysis, and they have been commercialized, and the energy efficiency
of electricity-to-hydrogen conversion can reach 60% to 70%. On the other hand, high-temperature solid oxides are expected to increase the energy
efficiency of electricity-to-hydrogen conversion to more than 85% under high-temperature (600-800 ℃) conditions. Therefore, it is also called hightemperature electrolysis, but the technology is not yet fully mature [15]. Haber has three main technical routes for ammonia synthesis according to
different catalysts and reaction processes: iron-based catalysts, ruthenium-based catalysts, and Co3Mo3N catalysts [18]. The iron-based catalyst
process is the most mature; the general reaction temperature is 450-525 ℃, the reaction pressure is 15-32 MPa, and the energy efficiency can reach
about 67% [19]. In recent years, to save energy and increase production, some scholars have studied ammonia synthesis based on ruthenium-based
catalysts and Co3Mo3N catalysts under reaction conditions below 400 ℃ and 10 MPa, but they still face problems such as higher catalyst prices or
slower reaction rates [20].
According to the different reactants, two main types of direct electrotransamination reaction are the following ones. Commercial low-temperature
electricity-to-hydrogen energy efficiency η EL is about 60%, and Haber’s ammonia energy efficiency ηHB is about 67%. The electricity consumption
for electricity-to-ammonia conversion is WP2A=12kWh/kg, and the overall energy efficiency is 43 %. When the raw material pure water is calculated
at CH2O = 0.002 $/kg, nitrogen is calculated at CN2 = 0.12 $/kg, and ammonia is calculated at CNH3=0.5 $/kg, the marginal electricity price of surplus
renewable energy needs to be CP2A=0.04 $/kWh, this technical route is economically feasible. The specific calculation equation is as follows:
WP2A = WEL + WHB =
CP2A =

3MH2 LHVH2
2MN2 ηEL

+�

LHVNH3
ηHB

−

MN
MH O
�CNH3 −2M 2 CN2 �−2M 2 CH2 O
NH3

WP2A

NH3

3MH2

2MNH3

LHVH2 � …. (3)

…. (4)

In the equation, MN2 = 28 g/mol, MH2 = 2 g/mol, MNH3 = 17 g/mol, MH2O = 18 g/mol are the molar masses of nitrogen, hydrogen, ammonia and water
respectively; LHVH2 = 33.3 kWh/kg, LHVNH3 =5.2 kWh/kg are the low calorific values of hydrogen and ammonia, respectively [22].

According to the blue paper, assess the future application potential of hydrogen energy in fuel cell vehicles, distributed power generation, and other
fields, and consider the most optimistic situation: in the transportation field, based on fuel cell buses, the hydrogen consumption per 100 km is 8 kg,
and the average annual mileage is 70 000 km; in the field of distributed power generation, with a fuel cell power generation efficiency of 60%, the
application scale of hydrogen energy in the fuel cell field in 2020 is shown in fig. 2[23].
The conversion floor is designed with oblique columns, and the installation quality control requirements are high: due to the architectural layout
requirements, the surrounding steel-concrete columns began to slope outward at 2F floor level, and they were restored to an upright state at the 4 F
floor level. Inward folding line shape, high-quality control requirements for lifting and installation.
In July 2018, the German ThyssenKrupp Group announced plans to build a 20 MW water electrolysis plant+50 t/d ammonia plant in Port Lincoln in
southern Australia to realize the conversion of renewable energy ammonia [24]. In the future, it plans to further expand the scale to 120 MW water
electrolysis+300 t/d synthetic ammonia.

In addition, in June 2018, Shunhe Township Industrial Park, Leibo County, Liangshan Prefecture, Sichuan Province, planned to build a 300,000 t/a
surplus hydropower electrolysis hydrogen production and ammonia synthesis project with a construction period of 20 mo.
Electricity to methane technology

Statistics from the National Bureau of Statistics show that the industrial natural gas consumption in 2015 was 123.45 billion m3 [25]. With 87% of
natural gas as methane, it is about 77.597 million tons of methane. The main purpose of methane is to use natural gas and coal gas as fuel. As a
chemical raw material, methane can produce acetylene, carbon black, nitrochloromethane, carbon disulfide, monochloromethane, methylene
chloride, chloroform, carbon tetrachloride, and hydrocyanic acid. However, most of our teachers have participated in training courses at various
levels, and very few have participated in the training of class teachers. Thus, there is a big gap in the training of class teachers. At present, the more
mature technical route of electro-to-methane conversion is to synthesize methane through the hydrogenation of carbon dioxide through the
electrolysis cell for electrolysis. The reactions involved mainly include the electrolysis of water to produce hydrogen; the other is the hydrogenation
of carbon dioxide to synthesize methane [26].
CO2 + 4H2 ↔ CH4 + 2H2 O, ∆H0298k = −165kJ/mol …. (5)

Considering the source of carbon dioxide, it has become a trend in recent years to produce bio-natural gas based on surplus electricity and biogas.
This technology converts the surplus electric energy into hydrogen energy through an electrolytic cell and then hydro mechanizes the carbon
dioxide in the biogas through the methanation reaction to produce biological natural gas. The technological process is shown in fig. 5[27].
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Fig. 5: Flow chart of biogas to natural gas (adopted from [13])

According to the different catalysts and reaction processes, there are three main technical routes for the hydrogenation of carbon dioxide to
synthesize methane, corresponding to three metal catalysts as iron, nickel, and ruthenium [27]. Iron is cheap and easy to obtain. It was used in
industry in the early stage, but its activity and selectivity were low, the reaction temperature was high, and it was easy to accumulate and inactivate
carbon during use, so it was gradually eliminated. At present, nickel catalysts are used on a large scale in the industry. The general reaction
temperature is 300~400 ℃, the reaction pressure is 1 bar (1 bar=100 kPa), and the corresponding energy efficiency is up to 81.8% [28]. However,
the nickel catalyst is very sensitive to arsenic and sulfur, and a small amount of sulfur in the reactant will cause the catalyst to be poisoned and
deactivated. Some researchers have recently paid attention to ruthenium catalysts to obtain higher activity and selectivity under low-temperature
conditions (90 ℃), but its high price limits its industrial application. In addition, the hydrogenation of carbon dioxide to synthesize methane is
accompanied by many side reactions, which are more sensitive to reaction conditions, catalysts, additives, and carriers [29].

Commercial low-temperature electricity-to-hydrogen energy efficiency ηEL is about 60%, and carbon dioxide hydrogenation to synthesize methane
energy efficiency ηCH4 is about 81.8% [30]. Therefore, the electricity consumption for electricity-to-methane conversion is WP2CH4 =28 kWh/kg, and
the overall energy efficiency is 50%. When the raw material pure water is calculated at CH2O = 0.002$/kg and methane is calculated at CCH4 = 0.8
$/kg, surplus renewable energy needs to be below the marginal electricity price CP2CH4 = 0.06 $/kWh. Therefore, this technical route is economically
feasible. The specific calculation equation is as follows:
WP2A = WEL + WCH4 =

4MH2 LHVH2
MCH4 ηEL

CP2CH4 =

+�

4M

LHVCH4
ηCH

4

H O
�CCH4 − M 2 CH2 O �
CH4

WP2CH4

−

4MH2
MCH4

LHVH2 � …… (6)

…. (7)

The water quality standards and technical requirements for using recycled water for various purposes are the starting point for using recycled
water. Such standards are regulated by special reclaimed water regulations in the United States or health and environmental laws [31]. Technical
standards for water quality, treatment technology, pipe network construction, etc., for various purposes and supervision procedures for water
treatment, water distribution, water equipment, and environmental and health issues are very detailed. For example, for the intersection of
reclaimed water and drinking water in the pipe network system, the United States requires a careful inspection every four years under the premise
of strict marking to ensure that the reclaimed water and drinking water will not mix. Reclaimed water projects that replenish groundwater require
monitoring wells and other methods to prevent groundwater pollution. The health department supervises the legality of sewage utilization, that is,
the application of water quality standards, regulations, and other relevant laws [32].

In the equation, MH2 = 2 g/mol, MCH4 =16g/mol, MH2O=18g/mol are the molar masses of hydrogen, methane, and water, respectively; LHVH2=33.3
kWh/kg, LHVCH4 =13.9 kWh/kg is the low calorific values of hydrogen and methane, respectively [31].

Multiple myeloma is often misdiagnosed as lumbar degenerative disease, lumbar muscle strain, osteoporosis, nutritional anemia, etc. The onset of
multiple myeloma is relatively insidious, the clinical manifestations are diverse, and the first symptoms are different. About half of the patients are
already at an advanced stage when they are diagnosed. Most patients with bone and low back pain first go to the orthopedics, rheumatology, and
immunology department or a massage doctor; those with renal impairment will go to the nephrology department for treatment; few patients think
of going to the hematology department [17].

At present, in the planning process of China’s villages and towns, they often ignore the characteristics of different rural areas or fail to pay attention
to the characteristics of rural infrastructure [2]. As a result, the planning and layout of China’s villages and towns are similar and unable to highlight
the characteristics of villages and towns in different regions. It is also difficult to meet the wishes and demands of the local rural areas so that our
villages and towns’ traditional factors and characteristics are gradually decreasing. For example, the cave dwellings and semi-cave dwellings in
China’s central and western regions are very characteristic buildings and are quite representative. These ancient and traditional farmhouses are
infiltrated by scientific principles and effectively use surface heat [7]. They are relatively warm in winter and cool in summer. They have the basic
characteristics of energy-saving and comfort and are unique in shape and beautiful. On the contrary, many rural areas have transformed; although
they look glamorous, they lack functionality and features [9].

In January 2016, the Mega-Store project (Methane Gas Storage for Renewable Energy) was launched by the Danish University of Science and
Technology (DTU) and Lemvig Biogas Plant, which converts wind power into methane gas through a biogas plant, which is then transported to
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natural gas transmission In the net [32]. The first step of the project plan is to convert excess wind power into hydrogen through electrolysis; the
second step is to react hydrogen and carbon dioxide in a biogas plant to generate methane gas and water. Since the concentration of carbon dioxide
in biogas is as high as 35%, the biogas plant has become an ideal place for collecting carbon dioxide gas. The current test facility of the Lemvig
Biogas Plant has produced 24 m3 of biogas within 24 h. The project will continue to expand in scale and continue in Funen’s NGF Nature Energy
project in the next few years [19].
Electricity to methanol technology

China is a major methanol producer country [17]. The current total methanol production capacity is 69.76 million t/a. By 2020, China’s methanol
production capacity will exceed 100 million t/a. Methanol is the second-largest chemical product downstream of hydrogen (24%) in the chemical
industry and can be converted into most industrial products (i.e. formaldehyde, methylamine, olefins, etc.). Methanol is a clean and high-quality fuel
used as an internal combustion engine (ICE) fuel in the energy field, which is cleaner than gasoline [11, 29, 33]. Methanol gasoline has been used in
many provinces, such as Shanxi, China M85/M15 methanol gasoline. Also, it can be mentioned that there are national standards, and the market
price is close to that of gasoline. Secondly, the chemical properties of methanol are easy to convert between different energy forms efficiently. Onsite reforming of methanol to hydrogen is considered an important hydrogen energy acquisition channel for hydrogen refueling stations in the
future [34]. Methanol fuel cells are also important research in the current energy field. Direction [35].
The improved model-predictive direct torque control method proposed in this work can obtain three voltage vectors that need to be controlled by
value function optimization through the optimization vector selector, effectively reducing the optimization calculation amount of model-predictive
direct torque control [36]. For control delay On the impact of system performance, delay compensation control can significantly reduce the current
ripple and torque ripple caused by the control delay. By adding the constraint of the number of switching times to the value function of MPDTC, the
weighting factor of the switching frequency can be increased. Reducing the switching frequency of the inverter but at the same time will increase
the current distortion rate. Simulation and experimental results show that the flux linkage obtained by the full-order flux linkage observer can
accurately track its given value, and the improved MPDTC has a good dynamic and static performance of the inverter and can effectively reduce the
switching frequency of the inverter [18].

Since 2013, smart homes have been on fire, but at that time, many people believed that smart homes had not entered the lives of the public. With the
rapid development of smart technology and the update and iteration of smart products, various smart home platforms have emerged, various smart
solutions have begun to emerge one after another, and the smart home system has been further implemented [9]. In 2018, smart homes will no
longer stay at the conceptual level. The maturity of artificial intelligence and Internet of Things technologies has promoted smart homes’
development from single-product intelligence to system intelligence. As a result, smart homes are constantly cultivating consumer habits and have
great potential [18].
At present, the more mature technical route of electro-to-methanol is based on low-temperature electrolysis for the electro-to-hydrogen synthesis
of methanol through the hydrogenation of carbon dioxide. Thus, the reaction involved mainly has two parts: the electrolysis of water to produce
hydrogen; the other is the hydrogenation of carbon dioxide to synthesize methanol [17].
0
CO2 + 3H2 ↔ CH3 OH + H2 O, ∆H298k
= −49.5kJ/mol …. (8)

Fig. 6: Flow chart of low-temperature power-to-methanol (adopted from [34])

The main methanol synthesis catalysts currently used are zinc-chromium (ZnO/Cr2O3) and copper-based (CuO/ZnO/Al2O3). However, when the
above catalyst is directly applied to the hydrogenation of carbon dioxide, the water generated by the reaction will cause the deactivation of the
copper-based catalyst. Therefore, it is necessary to develop a new type of catalyst system. The general operating conditions of copper-based
catalysts are reaction temperature of 250 ℃ and reaction pressure of 5 Mpa [33]. At present, there is no mature catalyst system and process that can
efficiently convert carbon dioxide and hydrogen to methanol, and the unit yield of synthetic methanol is generally less than 80% [36].

Commercial low-temperature electricity-to-hydrogen energy efficiency ηEL is about 60%, and carbon dioxide hydrogenation to methanol energy
efficiency ηCH3OH is 58.5%, the electricity consumption for electricity-to-methanol is WP2CH3OH =14 kWh/kg, and the overall energy efficiency is 39%.
When the raw material pure water is calculated at CH2O = 0.002 $/kg and methanol is calculated at CCH3OH = 0.3 $/kg, the electricity price of surplus
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renewable energy needs to be below the marginal electricity price CP2CH3OH = 0.04 $/kWh. This technical route is economically feasible[37]. The
specific calculation equation is as follows:
WP2CH3OH = WEL + WCH3OH =

CP2CH3 OH =

3MH2 LHVH2
MCH3 OH ηEL

+�

LHVCH3 OH
ηCH OH
3

3MH O
2 C
H O�
CH3 OH 2

�CCH3 OH −M

WP2CH3 OH

−

3MH2

MCH3 OH

LHVH2 � …… (9)

…… (10)

In the equation: MH2 = 2 g/mol, MCH3OH = 32 g/mol, MH2O = 18 g/mol are the molar masses of hydrogen, methanol and water respectively; LHVH2 =
33.3 kWh/kg, LHVCH3OH = 5.5 kWh/kg is the low calorific value of hydrogen and methanol respectively [31].
In 2011, Svartsengi, near Grindavik, Iceland, built the world’s largest renewable energy power-to-methanol plant (The George Olah Renewable
Methanol Plant) [38]. As of 2015, the annual output of renewable methanol reached 4,000 tons, and the annual carbon dioxide absorption was 5,500
tons [39].

In 2018, the Lanzhou New District planned to build liquid solar fuel electrolysis of water for hydrogen production and carbon dioxide
hydrogenation to synthesize methanol technology development projects [17]. The main technical route of this project is to use the clean electric
energy of photovoltaic power plants to electrolyze water to produce hydrogen and then combine hydrogen and enriched carbon dioxide to produce
methanol. The project plans to construct an annual output of 1,000 tons of methanol, about 1500 tons of carbon dioxide, and an annual demand of
about 200 tons of hydrogen [21].
Electricity to gasoline technology

The National Bureau of Statistics results shows that China’s gasoline consumption in 2017 was 122 million tons. Gasoline is an important fuel for
automobiles and ignition-type internal combustion engines. In addition, the electricity-to-gasoline technology converts carbon dioxide into gasoline,
which is of great value for replacing fossil fuels and has important demonstration significance for environmental protection, sustainable
development, and national energy security [22].

Statistics from the National Bureau of Statistics of China show that the national synthetic ammonia production in 2017 was 49,462,600 tons [13],
and the annual growth rate was 4.7%. In the chemical industry, ammonia is the largest downstream chemical product of hydrogen in the industrial
sector (hydrogen consumption accounts for 47%), and ammonia is the world’s second-largest production chemical after sulfuric acid [11]. It is used
to make ammonia and nitrogen fertilizers (urea, Ammonium bicarbonate, etc.), compound fertilizers, nitric acid, ammonium salts, soda ash, etc., are
widely used in chemical, light industry, fertilizer, pharmaceutical, synthetic fiber, and other fields. In the energy sector, the high calorific value of
ammonia is 22.5 MJ/kg, equivalent to that of fossil fuels. Therefore, anhydrous ammonia can be directly burned in internal combustion engines and
ammonia fuel cells for transportation, power generation, and other fields [14].

At present, there are two main reaction conditions for the Fischer-Tropsch reaction: high-temperature Fischer-Tropsch, the reaction temperature is
330~350 ℃, generally use iron-based catalyst; low-temperature Fischer-Tropsch, the reaction temperature is 200-250 ℃, the reaction pressure is
20-30 bar, use iron or cobalt-based catalysts [19].
8CO + 17H2 ↔ C8 H18 + 8H2 O, ∆H0298k = −1259.38kJ/mol …… (11)

Commercial low-temperature electricity-to-hydrogen energy efficiency ηEL is about 60%, and carbon monoxide hydrogenation synthesis gasoline
energy efficiency ηFT is about 70%. The electricity consumption of electricity-to-gasoline (in octane) is WP2G = 18 kWh/kg, and the overall energy
efficiency is 50.6% [31]. When the raw material pure water is calculated at CH2O = 0.002 $/kg, carbon monoxide at CCO = 0.4 $/kg, and gasoline at
CC8H18 = 2.1 $/kg, the surplus renewable energy electricity price needs to be at the marginal electricity price CP2G = 0.08 $/kWh, this technical route is
economically feasible. The specific calculation equation is as follows:
WP2G = WEL + WFT =

17MH2 LHVH2
MC8 H18 ηEL

CP2G =

+�

LHVC8 H18
ηFT

−

17MH2

MC8 H18

LHVH2 −

17MH O
8MCO
2 C
CCO
H O �−M
C8 H18 2
C8 H18

�CC8 H18 −M

WP2G

8MCO

MC8 H18

LHVCO � …. (12)

…. (13)

The equation: MCO =28 g/mol is the molar mass of hydrogen, octane, water, and carbon monoxide, respectively; LHVH2 =33.3 kWh/kg, LHVC8H18
=12.08 kWh/kg, LHVCO =2.81 kWh/kg are gas and carbon monoxide Low calorific value [32].

It should be noted that the electro-gasoline conversion process based on low-temperature electrolysis needs to be combined with carbon monoxide,
which has certain carbon emissions, and the energy-saving and emission-reduction effect is significantly reduced compared with the route
mentioned above; at the same time, the Fetou synthesis reaction for realizing gasoline synthesis is a short-chain molecular synthesis [40]. The
process of long-chain molecules, the investment scale, technology, and operation and maintenance of the synthetic equipment are more difficult
than the three types mentioned above P2X technical routes. The research in this article only compares the marginal electricity prices and does not
fully reflect the economics of the technical route. Detailed analysis still needs more in-depth industry research and analysis [12].
Comparative analysis of P2X technology

Based on the above research on the four electrochemical technologies, the following compares the four electrochemical technologies of electricity to
ammonia, electricity to methane, electricity to methanol, and electricity to gasoline from the five aspects of energy efficiency, electricity
consumption, marginal electricity price, equivalent output, and market share [9]. The analysis is shown in table 3, where the equivalent output is
calculated from China’s renewable energy curtailment data in 2018 [17].
The construction of the project adopts the information method. To ensure safety during the excavation of the foundation pit, the foundation pit must
be monitored. Any problems should be reported and analyzed in time, and corresponding rescue measures should be taken to prevent accidental
damage and deformation of the foundation pit. The safety level of each section of the project is Class II [15]. According to the regulations, the
allowable value of foundation pit deformation is 0.4%, the pre-warning value of foundation pit slope deformation is set to 25 mm, and the control
value is set to 35 mm [19].
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It can be seen that among the four electrochemical technologies, the energy efficiency of electricity to methane and electricity to gasoline is
relatively high (50%), and the energy efficiency of electricity to methanol is the lowest (39%) [17]. The energy efficiency, reaction conditions, and
material heating value of each electrochemical technology are relatively high (50%). Factors are related. The theoretical energy efficiency of
synthetic ammonia, methane, methanol, and oil calculated by chemical equations is 88.49%, 83.48%, 88.09%, and 78.17%. However, due to
synthetic ammonia and methanol’s high reaction pressure requirements, the electricity consumption in the larger synthesis process, overall energy
efficiency are lower [39]. Comparing the marginal electricity price index, based on the market prices of four chemical products, taking Sichuan
Province, a major hydropower and chemical industry province, as an example, the electricity price for large industries is about 0.5 yuan/kWh, and
the electricity chemical technology is temporarily not economical at this price. Considering that the electricity price of the surplus hydropower
policy is 0.245 yuan/kWh, the electricity-to-oil and electricity-to-amino conversion is inherently economical at this price, while the electricity-tomethane and electricity-to-methanol technical routes need to improve energy efficiency further or reduce policy electricity prices to be profitable
[17]. Consider the impact of electrochemical technology on the chemical market. For example, if all surplus renewable energy is converted into
chemical products, 17.18% of ammonia will be replaced by green ammonia, and electro-to-ammonia will greatly impact the original chemical
market [13].

Furthermore, the social benefits of clean electrochemical technology using surplus renewable energy in coal saving and environmental protection
are analyzed [7]. From table 4, based on China’s renewable energy curtailment data in 2018, in terms of coal saving, replacing coal-to-gasoline with
electricity-to-gasoline will save coal consumption to the greatest extent (22.85 million tce); in terms of environmental protection, replacing coal
with electricity-to-ammonia Ammonia conversion will minimize carbon emissions (emission reduction of 39.1 million tCO2). In summary,
electricity-to-gasoline conversion has the most economic and coal-saving benefits, while electricity-to-ammonia conversion has environmental
benefits and market share, two important development directions for future electrochemical technology [41].
DISCUSSION

In addition to the current mature technology that uses low-temperature electrolysis to produce hydrogen as a link to connect electricity to hydrogen
and subsequent chemical processes, in recent years, with the maturity of high-temperature electrochemical technology, some electrochemical
processes can also be realized through direct electrochemical reactions [3]. Such a synthesis process is mainly realized by high-temperature solid
oxide batteries (SOEC), collectively referred to as high-temperature electrochemical technology in this article. The following is an overview and
analysis of four high-temperature electrochemical technology routes: electricity-to-ammonia, electricity-to-methane, electricity-to-methanol, and
electricity-to-gasoline [18].
High-temperature electricity to ammonia technology

Some researchers have devoted themselves to realizing direct electrotransamination through electrochemical methods [9]. According to different
electrolyte states, there are four main technical routes for direct electro-ammonia transfer: liquid electrolyte (corresponding to room temperature
reaction temperature), molten salt electrolyte (reaction temperature 180~500℃), cross-linked membrane (reaction temperature 400~650 ℃), and
solid electrolyte (reaction temperature is 600~750 ℃) [42]. Among them, the solid electrolyte is divided into proton conductive electrolyte and
oxygen ion conductive electrolyte. Commonly used economic analysis methods usually consider the primary investment cost of equipment, the
variable cost of materials, and additional operation and maintenance costs. Since the price of hydrogen energy conversion equipment is declining
rapidly, and the investment in synthesis equipment does not account for a high proportion of the entire life cycle, this article synthesizes the
synthesis product’s terminal price and marginal power consumption [20]. Furthermore, it calculates the marginal electricity price afforded during
the conversion process to compare the economic differences of different technical routes [32].
The molten salt electrolyte and the proton-conducting electrolyte carry out equation 14, while the liquid electrolyte and the oxygen ion-conducting
electrolyte carry out equation 15 [43].

At present, the technology of direct electrochemical synthesis of ammonia is relatively immature. Due to the limitation of catalysts, the reaction rate
of direct electrotransformation of ammonia is relatively low (the highest is only 3.3×10-8 mol/s·cm2), the Faraday efficiency is the highest. Up to
90.4%, the corresponding energy efficiency is about 65% [44].
N2 + 3H2 ↔ 2NH3 …. (14)
3

High-temperature electricity to methane technology

N2 + 3H2 O ↔ 2NH3 + O2 …. (15)
2

A schematic diagram of the direct synthesis of methane by co-electrolysis of carbon dioxide and water-based on high-temperature solid oxide
batteries is shown in fig. 7, where the green arrow represents the direction of co-electrolysis to synthesize methane [45].
The abnormal noise of the car is caused by two parts, which come from the tire bearing and the transmission differential. The diagnosis of this type
of failure is relatively difficult. When we need to repair it, we must patiently check and diagnose it one by one to eliminate the failure [46].
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Fig. 7: Schematic diagram of co-electrolysis of CO2 and H2O (adopted from [44])

The core reactions of the co-electrolysis process are:

CO2 + 2H2 O ↔ CH4 + 2O2 …. (16)

The reaction temperature is 650℃, the reaction pressure is about 20 bar, and the energy efficiency is about 84% [46]. However, the technology of
high-temperature solid oxide batteries is facing immaturity and high cost [19].
High-temperature electricity to methanol technology

To further improve the energy efficiency of methanol conversion, Risø National Laboratory in Denmark and Idaho National Laboratory in the United
States have proposed a technical route with high-temperature co-electrolysis technology as the core and conducted experimental tests [47]. The
solid oxide electrolytic cell is used to co-electrolyze water and carbon dioxide at 800 ℃ and 25 bar, and at the same time, generate hydrogen and
carbon monoxide synthesis gas. As shown in fig. 8, the electrolysis energy efficiency is higher than 95%, compared with the energy efficiency of lowtemperature electrolysis is significantly increased [48]. The core reactions of the high-temperature co-electrolysis process are:
CO2 + H2 O ↔ H2 + CO + O2 …. (17)

In addition, the use of the energy cascade complementary characteristics of co-electrolysis and methanolization to achieve a combined cycle of
energy and material can further reduce the system’s overall energy consumption. However, due to the stack attenuation during the long-term
operation of SOEC, electrode materials and catalyst improvements, battery (stack) operation, and system analysis are still in their infancy. The US
CERAMATEC company is carrying out related research along this technical route [49, 50].

Fig. 8: Flow chart of high-temperature power-to-methanol (adopted from [48])

High-temperature electricity to gasoline technology
The high-temperature co-electrolysis method is based on the co-electrolysis of carbon dioxide and water based on high-temperature solid oxide
batteries and simultaneously generates hydrogen and carbon monoxide synthesis gas [51]. First, the core reaction is shown in equation 17, and the
synthesis gas is synthesized by Fischer-Tropsch synthesis to generate gasoline and other fuels, As shown in fig. 9 [52]. At the same time, the hightemperature solid oxide battery can also work in the fuel cell power generation mode (SOFC) to feed power to the grid [53].
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Fig. 8: Flow chart of high-temperature power-to-gasoline (adopted from [49])

However, it needs to be pointed out that the high-temperature electrolysis and co-electrolysis technologies are still in the early stages of
industrialization. With increased equipment investment and operation and maintenance costs, technical bottlenecks in materials and catalysts still
need to be overcome [54]. In the future, with the further maturity of technology, the energy consumption level and economic efficiency of the
electrochemical technology route based on high-temperature electrolysis are expected to be further improved [55].
CONCLUSION

Due to the small scale of application of hydrogen energy in the fuel cell field at this stage, it is difficult to match China’s surplus renewable energy
volume. Electrochemical technology is an effective way to solve the problem of renewable energy curtailment in the near future. This article mainly
focuses on four main electrochemical technologies, namely electricity-to-ammonia, electricity-to-methane, electricity-to-methanol, and electricityto-gasoline, from the perspectives of market size, technical route, economy, and demonstration projects. The current mature technical route is the
indirect synthesis method of low-temperature electrolysis plus subsequent traditional chemical processes. On this basis, the five major technical
and economic indicators of energy efficiency, power consumption, marginal electricity price, equivalent output, and market share of the four
electrochemical technologies are compared and analyzed. Among them, in terms of energy efficiency, electricity-to-methane and electricity-togasoline technologies have higher comprehensive energy efficiency (50%), and electricity-to-methanol technologies have the lowest comprehensive
energy efficiency (39%); in terms of economy, electricity-to-gasoline technology is the most economical, but the system equipment investment is
large, and the technical risks are still high. Because of the electricity price of the surplus renewable energy policy, electricity-to-ammonia is
inherently economical, while electricity-to-methane and methanol need to be further improved in energy efficiency or to reduce electricity prices; in
terms of market size, based on the current volume of surplus renewable energy electricity, electricity-to-ammonia will have an impact on the
original market The greatest impact (17.18%). Based on this analysis and calculation based on the coal consumption and carbon emission indicators
of traditional coal chemical technology, electricity-to-gasoline has the most economic and coal-saving benefits, while electricity-to-ammonia is the
most environmentally friendly and has the market share, and is expected to become two of the future electrochemical technologies. The most
important development direction. In recent years, there have been technical routes such as the direct synthesis of chemical products based on
electrochemical reactions or the use of high-temperature co-electrolysis to generate synthesis gas instead of low-temperature electrolysis directly.
This technical route unifies the hydrogen production and synthesis processes and helps realize the overall system’s small size. The overall energy
efficiency has improved, but technical bottlenecks such as electrochemical catalyst selection, slow reaction rate, and immature devices still need to
be overcome. This is an important direction for basic theoretical research and industrial research and development in the future.
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