

  energies-17-05500




energies-17-05500







Energies 2024, 17(21), 5500; doi:10.3390/en17215500




Article



A Design and Safety Analysis of the “Electricity-Hydrogen-Ammonia” Energy Storage System: A Case Study of Haiyang Nuclear Power Plant



Lingyue Shi 1,2,*, Cheng Ye 1, Hong Huang 2 and Qinglun He 2





1



Shanghai Nuclear Engineering Research & Design Institute, Shanghai 200233, China






2



School of Safety Science, Tsinghua University, Beijing 100084, China









*



Correspondence: sly22@mails.tsinghua.edu.cn







Citation: Shi, L.; Ye, C.; Huang, H.; He, Q. A Design and Safety Analysis of the “Electricity-Hydrogen-Ammonia” Energy Storage System: A Case Study of Haiyang Nuclear Power Plant. Energies 2024, 17, 5500. https://doi.org/10.3390/en17215500



Academic Editor: Guglielmo Lomonaco



Received: 15 September 2024 / Revised: 20 October 2024 / Accepted: 1 November 2024 / Published: 3 November 2024



Abstract

:

With the development of modernization, traditional fossil energy reserves are decreasing, and the power industry, as one of the main energy consumption forces, has begun to pay attention to increasing the proportion of clean energy generation. With the deepening of electrification, the peak-valley difference of residential electricity consumption increases, but photovoltaic and wind power generation have fluctuations and are manifested as reverse peak regulation. Thermal power plants as the main force of peak regulation gradually reduce the market share, making nuclear power plants bear the heavy responsibility of participating in peak regulation. The traditional method of adjusting operating power by inserting and removing control rods has great safety risks and wastes resources. Therefore, this paper proposes a new energy storage system that can keep the nuclear power plant running at full power and produce hydrogen to synthesize ammonia from excess power. A comprehensive evaluation model of energy storage based on z-score data standardization and objective parameter assignment AHP (analytic hierarchy process) analysis method was established to evaluate energy storage systems according to a multi-index system. With an AP1000 daily load tracking curve as the input model, the simulation model built by Aspen Plus V14 was used to calculate the operating conditions of the system. In order to provide a construction basis for practical engineering use, Haiyang Nuclear Power Plant in Shandong Province is taken as an example. The system layout scheme is proposed according to the local environmental conditions. The accident tree analysis method is combined with ALOHA 5.4.1.2 (Areal Locations of Hazardous Atmospheres) hazardous chemical analysis software and MARPLOT 5.1.1 geographic information technology. A qualitative and quantitative assessment of risk factors and the consequences of leakage, fire, and explosion accidents caused by hydrogen and ammonia storage processes is carried out to provide guidance for accident prevention and emergency rescue. The design of an “Electric-Hydrogen-Ammonia” energy storage system proposed in this paper provides a new idea for zero-carbon energy storage for the peak shaving of nuclear power plants and has a certain role in promoting the development of clean energy.
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1. Introduction


The correlation between carbon emissions and global climate change is becoming increasingly clear [1,2,3]. Gradually increasing the proportion of clean energy and replacing traditional fossil fuels as the main energy source is an important way to achieve decarbonization. However, clean energy power generation usually has fluctuating characteristics, which have difficulty meeting the demand of accurate directional peak shaving. One way to solve this problem is to connect energy storage facilities with power generation systems [3,4,5]. Energy storage can play a role in peak-load regulation, thus effectively enhancing the security and stability of the energy supply. It is imperative to expand the scale of energy storage. In this context, nuclear power, which can realize power control in the form of clean power generation, shoulders the task of peak shaving, and the utilization rate of nuclear power can reach 90%, which has a broad application prospect.



Converting electrical energy into hydrogen energy storage is a new indirect energy storage method that scholars have begun to pay attention to since carbon peaking and carbon neutrality goals were proposed. However, because hydrogen is flammable and easy to leak, how to store and transport it has been a difficult problem to solve. The direct use of hydrogen storage media is too expensive in terms of operation and maintenance costs [4,5,6]. An alternative is to convert hydrogen into a liquid fuel, such as carbon monoxide or carbon dioxide combined to produce methanol, reacting it with nitrogen to produce liquid ammonia, etc. [7], thereby minimizing the safety concerns of long-term hydrogen storage.



For the selection of energy storage methods in specific scenarios, the generally adopted method is to establish an evaluation index system, combine the characteristics of various energy storage technologies, and conduct comprehensive scores from the aspects of technology, economy, environment, safety, and so on. Wei et al. established an evaluation model of power grid energy storage systems based on AHP-PROMETHEE-GAIA, used an analytic hierarchy process (AHP) to determine the hierarchy structure and weight of evaluation indicators, organized the enrichment evaluation preference ranking method to sort each energy storage mode, and developed an interactive auxiliary geometric analysis method to analyze the sensitivity of each energy storage mode [8]. The limitation of this method is that the ranking results are subjective. Wang et al. set out from the three dimensions of social benefits, economic benefits, and environmental benefits, determined the weights by entropy weight method, evaluated the comprehensive benefits of energy storage by using the TOPSIS comprehensive evaluation model and built a comprehensive evaluation model of energy storage for the development of clean energy cities [9]. The advantage of this model is that it can evaluate the impact degree of energy storage planning on the comprehensive benefits of clean energy city development from the time dimension, but the index setting is more macro-social without adding specific technical indicators of various types of energy storage. Mao et al. established an energy storage evaluation system based on economy, technical performance, environmental impact, and the power grid index [10].



Based on the idea of combining the peak shaving surplus power and energy storage technology of nuclear power, a large number of scholars have carried out the design and research of related systems. Wang et al. proposed that during the grid trough, electric boilers would consume the excess power of nuclear power units and store heat in heat storage tanks for users to use [11]. However, the storage time and transportation distance of heat are limited, so it is difficult to use heat on a large scale. Gao et al. investigated the current situation of hydrogen energy preparation, storage, transportation, and utilization and explored a hydrogen energy storage route suitable for nuclear power peak shaving [12]. Nirmal et al. compared the advantages and disadvantages of chemical energy, mechanical energy, and hydrogen energy in the form of a review and summarized the characteristics of an ideal nuclear power peak-load energy storage technology [13]. Mechanical energy storage generally has the disadvantages of a short storage time and high site selection requirements. The construction and operation cost of electrochemical energy storage is high, so it is difficult to use it in large-scale energy storage applications. Hydrogen energy storage has advantages in terms of performance, but safety is a prominent problem. Through literature research, it is found that articles proposing hydrogen production and ammonia synthesis as the development route of the next stage of clean energy have emerged in recent years [14,15,16,17], indicating that there is still a lot of exploration space and development potential in this field.



In summary, the idea of solving the problem of peak shaving in nuclear power plant by absorbing the excess power through hydrogen production and ammonia synthesis is feasible and has high research value. Based on this, this paper first established an energy storage comprehensive evaluation model based on z-score data standardization and an objective parameter assignment AHP analysis method to evaluate the adaptation of common energy storage forms in the nuclear power peak shaving situation. Then, the “Electricity-Hydrogen-Ammonia” workflow architecture, a new type of energy storage system with an AP1000 daily load tracking curve for input, is set as the quantitative simulation system operation condition. Finally, taking Haiyang Nuclear Power Plant in Shandong Province as an example, the risk factors and consequences of leakage, fire, and explosion accidents caused by hydrogen and ammonia storage are evaluated using the accident tree qualitative analysis method and ALOHA hazardous chemical analysis software for quantitative calculation, providing guidance for accident prevention and emergency rescue. The design and safety analysis of the new energy storage system proposed in this paper have certain reference significance for the development and system construction of clean energy.




2. Multi-Index Comprehensive Evaluation of Energy Storage Method


2.1. Index Calculation Method


A comprehensive evaluation model of energy storage based on z-score data standardization and objective parameter assignment AHP analysis method was established. The typical examples of electrochemical energy storage, mechanical energy storage, and “Electric-Hydrogen-Ammonia” (EHA) energy storage were selected to evaluate the most suitable energy storage system for nuclear power peak shaving. The evaluation indexes included four categories: economy (energy storage cost, electricity revenue), technology (device life, number of cycles), environment (CO2 emission, land area), and grid-related indexes (reliability, equivalent load). In this paper, the analytic hierarchy process (AHP) was used to evaluate the performance of the energy storage system, and the value of each index was determined by the characteristic parameters of the energy storage system itself in the actual application process so as to reduce subjectivity. Since there were unit differences between indicators, the values had to be standardized. Then, the appropriate weights were calculated through the judgment matrix according to the scene requirements. Finally, scores of different energy storage system were calculated through the standardized index values and weights so as to select the most suitable type. The evaluation process is shown in Figure 1.



In this paper, lithium-ion battery, sodium sulfur battery, flywheel energy storage, and EHA energy storage were selected to compare four different types of energy storage forms. Table 1 lists the basic operating parameters of these four types of energy storage.




2.2. Index Data Processing


There are many ways of standardization, such as discrete standardization, also known as minimum–maximum normalization, which maps the values linearly to the interval [0,1], but if most of the values are concentrated and there is a prominent value, each value after normalization is close to 0, so the difference is not conducive to comparison.



This paper selects the z-score standardization method, also known as standard deviation standardization, which is characterized by the mean value of standardized data being 0 and standard deviation being 1. Two very close values will also differ after normalization, which is suitable for comparison. The z-score standardized calculation formula is as follows:


          y   i p   =      x   i   −   x  ¯    s            y   i c   =      x  ¯  −   x   i     s            x  ¯  =    1   n       ∑  i = 1   n       x   i           s =     1   n − 1       ∑  i = 1   n     (   x   i   −   x  ¯    )   2             



(1)




where     x   i     is the original value of the i th index,     y   i p     is the value after standardization of the i th profit-type index,     y   i c     is the standardized value of the i th cost-type index, n is the number of energy storage types to be compared, and s is the standard deviation.



The higher the profit index and the lower the cost index, the higher the conversion evaluation score. Among them, power avenue, energy storage life, cycle times, and delayed grid upgrade benefits are profit indexes. The daily cost of energy storage, carbon dioxide emissions per unit capacity, occupied land area per unit capacity, the standard deviation of equivalent load, and expected power shortage within a day are cost indexes. After z-score normalization, a value of 0 indicates the average performance level, a value greater than 0 indicates a better-than-average performance level, and a value less than 0 indicates a worse-than-average performance level. Different scenarios correspond to different requirements, and this difference is reflected in the selection of weights. In order to avoid subjectivity, this paper adopts the judgment matrix method for weight selection. After completing index normalization and weight calculation, only a certain energy storage index is multiplied and summed with the normalized value of the corresponding index to calculate the final score of the energy storage. The final total score of each type of energy storage are compared. The higher the score is, the more suitable for the current scenario it is.




2.3. Evaluation Result


In order to ensure the effectiveness and feasibility of the energy storage evaluation model established in this paper, 10 experts from Shanghai Nuclear Engineering Research and Design Institute, a leading authoritative enterprise in the field of nuclear engineering, were invited to score the relative importance of each layer of indexes, and the judgment matrix of each indicator was obtained as shown in Figure 2.



According to the above judgment matrix, the consistency index values are calculated as shown in Table 2. The consistency test indicates that the judgment matrix is reasonable and effective. By standardizing the data according to the z-score method and combining the weights of the above indexes, the standardized value (Table 3) and final score (Table 4) of the energy storage mode can be calculated. It can be seen from the evaluation results that when considering the economic and environmental benefits of the power grid, EHA has the highest comprehensive score, with obvious advantages. It is suitable for energy storage in the peaking operation process of power plants and can ensure economic benefits while realizing the most environmentally friendly clean energy storage, which is a type of energy storage with great development prospects.





3. System Design and Calculation


The system achieves green hydrogen production from water electrolysis and nitrogen and oxygen production from air separation by using peak shaving power from a nuclear power plant. Nitrogen and green hydrogen obtained will be converted into ammonia through ammonia synthesis technology for storage so that the nuclear power plant has the ability to produce a variety of products and realize the comprehensive utilization of nuclear energy. The system design framework is shown in Figure 3. According to the thermal balance drawing of AP1000 nuclear power plant provided by Shanghai Nuclear Engineering Research and Design Institute, the model of the PWR nuclear power unit, including the main components, was built using APROS 6.13 software (Figure 4). The mass flow rate of the working fluid, enthalpy of the steam generator outlet, enthalpy of the steam generator inlet, thermal power, generating power, and calculated generating efficiency under different operating loads are obtained by simulation (Table 5). It can be concluded from the calculation results that the higher the operating load, the higher the power generation efficiency of the nuclear power plant. Therefore, maintaining the full-power operation state and storing excess power can ensure the safe and stable operation of the system, improve the work efficiency, and indirectly realize the demand for peak regulation. The energy scheduling strategy is shown in Figure 5.



The experimental data of the latest type of alkaline electrolytic water hydrogen production equipment developed by Shuangliang Energy Saving Company, Wuxi, China were used as the basis for calculation. The electrolytic cell is suitable for new energy application scenarios, and runs stably throughout the year under a wide load of 20~200%, and the load adjustment rate can reach 10%/s. Flexible operation ability is very good, with a variable load response in seconds to minutes. According to the peaking demand of AP1000 daily load tracking curve “15-1-7-1”, that is, 15 h of full load power supply, 1 h of power reduction to 50% power supply, 7 h of low load maintenance, and then 1 h of full power supply, through integral calculation, about 67.71 tons of hydrogen can be produced in one day.



The hydrogen produced by the electrolyzer is used as the input of the ammonia synthesis process. Aspen Plus was used to build Brown’s ammonia synthesis process (Figure 6). For the ammonia synthesis process, it is suitable to use the equation of state for high-pressure hydrocarbons with binary interaction parameters. The RKS-BM method and RPlug reactor module show advantages in all working conditions, and the error rate is within 5%. It is calculated that under a daily load tracking curve of the nuclear power plant, 195.98 tons of high-purity ammonia can be produced in one day.




4. System Security Analysis


4.1. Qualitative Analysis of Fire and Explosion Accident Tree


Hydrogen has active chemical properties, belongs to flammable and explosive products, has a boiling point under standard atmospheric pressure of −252.87 °C, has an ignition point of 560 °C, has a combustion critical interval of 4.1~75.6%, and has an explosion limit of 18.3~59%. Hydrogen atoms will penetrate into the material and cause stress concentration. Therefore, containers in a long-term hydrogen environment are prone to cracking and breakage under high temperature and pressure, which is called hydrogen embrittlement [18,19], and then lead to hydrogen leakage accidents. According to the International Hydrogen Safety Accident statistics, in the past 324 accidents, only one-tenth caused casualties, this is, because hydrogen has a small density, is easy to spread quickly in an open space, is itself non-toxic, and has combustion products that are not harmful to the human body. However, the danger is still not to be underestimated; the flammable range of hydrogen is large, the diffusion rate is fast, and a large number of flammable hydrogen clouds are prone to violent combustion and explosion. Liquid ammonia in the “dangerous goods name table” (GB12268) is a corrosive toxic substance, easily corrodes the container and causes damage, has a suffocating effect on the respiratory tract, has a boiling point at standard atmospheric pressure of −33 °C, has an ignition point of 651 °C, and has an explosion limit of 15.7~27.4%. Its risk is mainly manifested in two aspects: poisoning and suffocation caused by leakage and easy combustion and explosion in open fire after mixing with air. The toxicity data at different concentrations are shown in Table 6.



Based on the above dangerous chemical characteristics of hydrogen and ammonia and historical accident experience, fire and explosion accidents are more likely to occur. In the process of production and use of hydrogen synthesis ammonia system, attention should be paid to tracking and controlling the basic events that induce such accidents so as to reduce the probability of accidents. The accident tree analysis method is adopted below for qualitative assessment. A Fault Tree Analysis (FTA) is a logical tree that describes the cause and effect of an accident. The top event is a fire and explosion that occurred during the preparation and storage of hydrogen and ammonia. The three elements of combustion are combustibles, combustibles, and ignition sources. When the concentration of gas leakage reaches the limit of ignition and explosion and the occurrence of the heat source meet both requirements at the same time, the top event will occur. Based on the logical step analysis of the system operation process, a total of 24 basic events are determined, as shown in Table 7. It involves many factors such as humans, the equipment, the management, and the environment.



According to deductive reasoning, the fire and explosion accident tree during hydrogen and ammonia storage process is established as shown in Figure 7. The Boolean expression of the accident tree is as follows:


(X1 + X23 + X24 + X12 + X13 + X14)×(X2 + X15 + X16 + X17 + X18 + X19 + X20) × (X3 + X21*X22 + X4 + X5 + X6 × X7 + X8 + X9 + X10 + X11)



(2)







The path set represents the set of some basic events; if these basic events do not occur, then the top event will not occur. The smallest path set of the accident tree in this paper is as follows:


     ①   { X 1 , X 12 , X 13 , X 14 , X 23 , X 24 }     ②   { X 2 , X 15 , X 16 , X 17 , X 18 , X 19 , X 20 }     ③   { X 3 , X 4 , X 5 , X 6 , X 7 , X 8 , X 9 , X 10 , X 11 , X 21 , X 22 }     











The structural importance of the accident tree is as follows:


I(X1) = I(X12) = I(X13) = I(X14) = I(X23) = I(X24) > I(X2) = I(X15) = I(X16) = I(X17) = I(X18) = I(X19) = I(X20) > I(X3) = I(X4) = I(X5) = I(X6) = I(X7) = I(X8) = I(X9) = I(X10) = I(X11) = I(X21) = I(X22)











Combined with structural importance, the classification and analysis of the basic events show that the main factor causing fire and explosion is the leakage of gas, the second important factor is the failure of safety protection facilities, and the third one is the accidental occurrence of heat sources in the production environment. Therefore, it is necessary to pay attention to the identification of equipment leakage and standardize personnel operation in the process of equipment design, manufacturing, and daily detection so as to eliminate gas leakage caused by human error operation or equipment damage. The second is to ensure the effectiveness of safety protection facilities, which can alarm in time when the concentration exceeds the standard; start braking measures; and install good exhaust ventilation. Finally, we should standardize the fire system and use explosion-proof, anti-static, lightning protection tools and devices to eliminate the danger source that may produce accidental sparks. According to the analysis results of the accident tree, using the above ideas to carry out daily hidden danger investigations of basic events can better prevent fire and explosion accidents in the process of an EHA storage system.




4.2. Quantitative Analysis of Accidents Based on ALOHA Simulation


ALOHA is a hazardous chemical spill simulation software developed by the U.S. Environmental Protection Agency’s Office of Emergencies and Preparedness in collaboration with the National Oceanic and Atmospheric Management Impact Office, which contains thousands of hazardous chemicals. We can set up atmospheric environments, leakage source states, surrounding buildings and other simulated gas diffusion, flash fire concentration danger area, jet hot radiation danger area, steam cloud explosion shock wave danger area, etc. In addition, we can observe the change in gas concentration at a particular point in the scene with time [21]. ALOHA is an important tool for accident consequence prediction and emergency rescue decision-making in the field of hazardous chemicals. In this paper, version 5.4.1.2 is used for accident quantitative analysis. Hydrogen and ammonia storage tanks may leak due to damage, and if there is no ignition, they will spread in the atmosphere. Hydrogen is non-toxic, while ammonia is toxic, so it is necessary to predict its diffusion law. If the leak is ignited immediately, it will form a jet fire. If the ignition is delayed, a flash fire will be formed in the open space, and a steam cloud will be formed in a limited space. With a large leakage, there is a risk of explosion. The evolution model of the accident consequences is shown in Figure 8.



According to the toxicity data of different ammonia concentrations in Table 6, the toxic risk interval is divided into three grades. The danger zone below 140 mg/m3 is a mild danger zone, between 140 and 1750 mg/m3 is a moderate danger zone, and above 1750 mg/m3 is a severe danger zone. In reference to international standards, ALOHA software has clear classification indicators for the impact of heat radiation intensity in fire accidents and shock wave impact in explosion accidents, as shown in Table 8. The danger areas are divided according to the classification indicators when the simulation results are visualized.



Taking the application of this system in Haiyang Nuclear Power Plant as an example, the average altitude of Haiyang City is 140 m, the east longitude is 120°50′~121°29′, and the north latitude is 36°16′~37°10′. In spring (March to May), the average temperature is 10.7 °C, average humidity is 58%, and average wind speed is 3.8 m/s. In summer (June to August), the average temperature is 23.5 °C, average humidity is 77%, and average wind speed is 3.4 m/s. In autumn (September to November), the average temperature is 14.2 °C, average humidity is 67%, and average wind speed is 2.9 m/s. In winter (December to February), the average temperature is −0.6 °C, average humidity is 65%, and average wind speed is 3.6 m/s. The annual average relative humidity is about 68%. Haiyang City has a continental monsoon climate, with southeast wind prevailing in the summer half of the year and northwest wind prevailing in the winter half of the year. The annual average wind speed is 3.4 m/s. The annual wind direction distribution in Haiyang City, Shandong Province, obtained from the Weather Spark global climate website, is shown in Figure 9.



According to the relevant regulations, the nuclear reactor as the center, within a radius of 5 km for the nuclear power plant-restricted development zone, the establishment of chemical plants, oil depots, flammable and explosive chemical plants, and other threats to the safety of nuclear power plants are prohibited. According to the Regulations on the Safety Management of Hazardous Chemicals, major hazards should be kept at a safe distance of more than 500 m from the eight sites. The geographical location of Haiyang Nuclear Power Plant in Shandong is 121.38273° east longitude and 36.71089° north latitude. According to the above relevant laws and regulations on the safe distance between nuclear power plants and hazardous chemicals, it is 27° east north of the nuclear power plant. A suitable site for the construction of an “electric-hydrogen-ammonia” storage system is located 7.42 km away, 121.420774° E, 36.770388° N. The figure is a satellite map of the nuclear power plant and energy storage system layout marked in MARPLOT (Figure 10), which is an emergency response, planning, and operation mapping software that can interactively map with the simulation results in ALOHA and realize a visual analysis in combination with GIS spatial geographic information technology [22]. There are six population gathering places near the construction site of the energy storage system, namely Dachun Village in the west, Liangjia Village in the northwest, Fangli Village in the north, Huan Daian Village and Taoyuan Village in the northeast, and Qianshan Village in the southeast, among which the linear distance of the closest Fangli village is 511 m and the linear distance of Qianshan village is 1.09 km, all of which meet the standards. The north side is surrounded by mountains, and the south side is close to the Yellow Sea, which has a certain buffer effect on the spread of hazardous chemical leakage and fire accidents, forming a protective partition; the geographical location is good. The main need is to analyze the safety impact of the accident caused by the surrounding population gathering in villages.



A damaged hole with a diameter of 10 cm is simulated at the valve of the liquid ammonia storage tank, and the tank is placed horizontally. It is assumed that no emergency measures such as plugging and spraying have been taken at the site, and other secondary-derived disasters are not considered.



The prediction results of the toxic danger zone for liquid ammonia leakage and diffusion are shown in Figure 11. In spring, due to the high average wind speed, the gas diffusion speed is faster, and the danger zone range is the smallest, with the boundary of the severe danger zone being 1.1 km and the boundary of the mild danger zone being 4.4 km. In autumn, the average wind speed is small, the gas diffusion is slow, and the danger area is the largest, the boundary of the severe danger area is 1.3 km, and the boundary of the mild danger area is 5.0 km. Although the temperature difference between summer and winter is the largest, the danger area is close to each other, indicating that wind speed plays a major role in gas diffusion. As shown in Figure 12, the concentration of gas at the boundary points of the three dangerous areas changes with time. About 2 min after the leak occurs, the concentration of gas at the boundary points of the dangerous area surges, and the high concentration lasts for about 8 min. About 10 min after the leak occurs, the gas diffused completely, and the concentration decreased to close to 0 mg/m3. From the perspective of time response, the concentration surge occurred in spring at the earliest and in autumn at the latest, with a difference of about 2 min.



The prediction results of flashover danger area caused by delayed ignition after liquid ammonia leakage and diffusion are shown in Figure 13, which is similar to the law of the flashover toxicity danger area. In autumn, due to low wind speed, the gas diffused slowly, and the concentration of gas gathered at the same position was higher, so the danger area caused by flashover has the largest range, and the boundary of the severe danger area is 184 m. The boundary of the mild danger zone is 454 m. The danger area caused by flash fire in spring is the smallest, the boundary of the severe danger area is 148 m, and the boundary of the light danger area is 386 m. As shown in Figure 14, the concentration of the boundary points of the two dangerous areas changes with time. Due to the instantaneous occurrence of the fire, it spreads at the moment of ignition, and the gas concentration is the highest. After 5 min, the step of 15,000 mg/m3 drops, and after 8 min, the concentration drops to a lower level, which only indicates that there will be no new flash fire, but the fire spread does not stop. From the perspective of time response, there is little difference between the four seasons due to the instantaneous occurrence and rapid development of fire.



The prediction results of the spray fire danger area caused by the immediate ignition of liquid ammonia leakage and diffusion are shown in Figure 15. Since the ignition started at the beginning of the leakage and the flammable gas has not yet been widely dispersed, the scope of the danger area is relatively small and presents a circular radial distribution with little difference in boundary radius between the four seasons and a negative correlation with ambient temperature. The boundary of the severe danger zone is 88 m, and the boundary of the mild danger zone is 26 m. In summer, the boundary of the severe danger zone is 81 m, and the boundary of the mild danger zone is 19 m. As shown in Figure 16, the concentration at the boundary points of the three dangerous areas changes with time. The jet fire maintains a high radiation state within 5 min of occurrence, then presents a step-down trend, drops to a lower level at about 6 min and 30 s, and stops completely after 22 min.



According to the above simulation results, the wind direction in the summer half of the year is the southeast wind, and the dangerous area in the summer half of the year is larger; the wind direction in the winter half of the year is the northwest wind, and the dangerous area in the autumn is larger. Therefore, the two working conditions of liquid ammonia hole leakage and gap leakage in the summer and autumn are selected, and the ALOHA simulation data are mapped to the MARPLOT satellite map. The impact of the toxic danger area with the largest scope on the surrounding environment was analyzed, as shown in Figure 17. The villages where people gathered were in the white box. Under the influence of the southeast wind in the summer half of the year, the gas spread to the direction of the mountains, and a small area in the southwest of Fangli Village and the northeast of Liangjia Village was within the danger range of level 3. Under the influence of the northwest wind in the winter half of the year, the gas spreads to the sea direction, and Qianshan village is in the moderate and mild danger range. Other types of accident danger zone radii were within 500 m, no personnel gathering place.



Because hydrogen itself is non-toxic, combustion will not produce toxic substances but belongs to flammable chemicals, so this paper does not analyze its diffusion law, only consider the impact of fire and explosion. The prediction results of the flash danger zone formed by delayed ignition after hydrogen hole leakage are shown in Figure 18. In spring, due to the high average wind speed, the gas diffusion speed is faster, and the danger zone range is the smallest, with the boundary of the severe danger zone being 132 m and the boundary of the mild danger zone being 325 m. In autumn, the average wind speed is small, the gas diffusion is slow, and the danger area is the largest. The boundary of the severe danger area is 152 km, and the boundary of the mild danger area is 374 m.



The danger area of steam cloud explosion after hydrogen leakage is shown in Figure 19, and the explosion danger level is low, only reaching the strength of breaking glass. Affected by wind speed, the danger area in spring is the smallest, with the boundary 114 m downwind. The danger zone is the largest in autumn, with the boundary 132 m downwind. The danger area of jet fire formed by ignition immediately after leakage is shown in Figure 20, with little seasonal difference and all within 54 m radius.





5. Conclusions


This paper puts forward the design idea of combining the new energy storage system with peak shaving demand of nuclear power plant, establishes the comprehensive evaluation model of the energy storage mode, and explains the superiority of the “Electric-Hydrogen-Ammonia” energy storage mode in economic and environmental aspects. Through the experimental and simulation results, the components of the system are analyzed and calculated to determine the production scale under the peak shaving operation mode. Under the daily load tracking curve of a nuclear power plant, 195.98 tons of high-purity ammonia can be produced in one day. Finally, combining the qualitative method of the accident tree and the quantitative prediction of ALOHA analysis software, taking Haiyang Nuclear Power Plant as an example, the actual operation safety analysis is carried out. From the perspective of the danger range, the danger radius of gap leakage is greatly reduced compared with that of the hole leakage. The toxic danger radius is reduced by 77.27%, the flash fire danger radius is reduced by 74.35%, and the jet fire danger radius is reduced by 74.42%. From the perspective of concentration change, the hole leakage will spread completely within 10 min outside, but the gap leakage will continue to release gas, and the outdoor concentration will remain high for 60 min, only dropping slightly. From the perspective of climate, wind speed and direction have a great influence on the development of the accident. In spring, the wind speed is high, toxic gas diffusion occurs early, and the dangerous area is the smallest. In autumn, the wind speed is small, toxic gas diffusion occurs later, and the dangerous area is the largest. Compared with ammonia, the flash fire develops rapidly downwind, showing a thin strip. Although liquid ammonia has a much larger storage mass than hydrogen, the flash fire radius is close, indicating that the consequences of hydrogen fire should not be underestimated. In this paper, the system is introduced and evaluated comprehensively, which is innovative and provides reference significance for solving the problem of peak shaving and the comprehensive utilization of nuclear energy.



The system design in this paper is a preliminary calculation of the relationship between a nuclear power plant, hydrogen production, and an ammonia synthesis plant in series with the process of material and energy transfer. However, in an actual application process, the establishment of interfaces between various parts may still have problems that are difficult to predict. In the future, the design can be further optimized in combination with specific engineering practices to complete the system construction more comprehensively. In terms of a safety analysis, this paper carries out a macro-analysis from the perspective of the environmental impact of different accident consequences. In the future, a microscopic safety analysis at the equipment level can be carried out in combination with the internal structure of the system to further complete the safety structure design.
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Figure 1. Evaluation model of energy storage method. 
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Figure 2. Judgment matrix. 
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Figure 3. Flow chart of energy storage system design. 






Figure 3. Flow chart of energy storage system design.



[image: Energies 17 05500 g003]







[image: Energies 17 05500 g004] 





Figure 4. Residual current scheduling strategy for peak shaving. 
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Figure 5. Nuclear power plant system model diagram. 
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Figure 6. Simulation of ammonia synthesis process. 
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Figure 7. Fire and explosion accident tree during hydrogen and ammonia storage. 
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Figure 8. Evolutionary types of accident consequences. 
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Figure 9. Annual wind direction distribution in Haiyang City, Shandong Province. 
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Figure 10. Satellite map of nuclear power plant and energy storage system layout. 
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Figure 11. Toxic danger zone when liquid ammonia leaks. (a) Spring, (b) summer, (c) autumn, (d) winter. 
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Figure 12. The concentration–time curves at the boundary point of the diffusion danger zone during liquid ammonia leakage. 
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Figure 13. Flash hazard area during liquid ammonia leakage. (a) Spring, (b) summer, (c) autumn, (d) winter. 
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Figure 14. Concentration–time curve at boundary point of flash fire danger zone during liquid ammonia leakage. 
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Figure 15. Spray fire hazard area during liquid ammonia leakage. (a) Spring, (b) summer, (c) autumn, (d) winter. 
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Figure 16. Heat radiation intension–time curve at the boundary point of the jet fire danger zone during liquid ammonia leakage. 






Figure 16. Heat radiation intension–time curve at the boundary point of the jet fire danger zone during liquid ammonia leakage.



[image: Energies 17 05500 g016]







[image: Energies 17 05500 g017] 





Figure 17. Ammonia leak toxicity hazard area ALOHA-MARPLOT interactive visualization. (a) Summer, (b) Autumn. Red is a severe danger zone, orange is a moderate danger zone, and yellow is a mild danger zone. 
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Figure 18. Flash fire hazard area during hydrogen leakage. (a) Spring, (b) summer, (c) autumn, (d) winter. 
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Figure 19. Danger area for steam cloud explosion during hydrogen leak (a) Spring, (b) summer, (c) autumn, (d) winter. 
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Figure 20. Fire hazard area during hydrogen leakage. (a) Spring, (b) summer, (c) autumn, (d) winter. 
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Table 1. Four common types of energy storage basic operating parameters.
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	Type
	Lithium-Ion Battery
	Sodium-Sulfur Battery
	Flywheel Energy Storage
	EHA





	Energy density (Wh/L)
	300
	265
	50
	1000



	Cycle efficiency (%)
	90
	80
	92
	60



	Life span (years)
	10
	15
	17
	25



	Unit energy cost (¥/kWh)
	10,500
	2800
	21,000
	70



	Unit electricity cost (¥/kW)
	17,500
	14,000
	3500
	24,500



	Operation and maintenance cost (¥/kWh)
	3.5
	2.1
	0.56
	0.35



	Discharge depth (%)
	92
	100
	80
	80



	Carbon dioxide emissions per unit of capacity
	34
	70
	53
	0



	Land area per unit volume (m2/MWh)
	15
	7.5
	17
	15



	Rated capacity (kWh)
	3000
	5000
	6000
	1000



	Rated power (kW)
	130
	100
	200
	200










 





Table 2. Consistency test result.
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	Economic Index
	Technical Index
	Environmental Index
	Grid Index
	Economic Benefit Matrix
	Environmental Benefit Matrix





	CI
	0
	0
	0
	0.0046
	0.0602
	0.0390



	CR
	0
	0
	0
	0.0079
	0.0669
	0.0433










 





Table 3. Final score of four common types of energy storage performance indexes.
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Index

	
Item

	
Lithium-Ion Battery

	
Sodium-Sulfur Battery

	
Flywheel Energy Storage

	
EHA

	
Weight






	
Economic index

	
Daily storage cost

	
−0.086

	
0.56

	
−1.37

	
0.90

	
0.40




	
Real-time electricity revenue

	
0.57

	
−0.29

	
0.99

	
−1.27

	
0.40




	
Reserve power revenue

	
−0.40

	
−1.10

	
1.25

	
0.25

	
0.20




	
Economic performance comprehensive score

	
0.12

	
−0.11

	
0.10

	
−0.10

	




	
Technical index

	
Life of energy storage device

	
−1.08

	
−0.28

	
0.04

	
1.32

	
0.33




	
Number of cycles

(million times)

	
−0.50

	
−1.16

	
0.83

	
0.83

	
0.67




	
Technical performance comprehensive score

	
−0.69

	
−0.87

	
0.57

	
1.00

	




	
Environmental index

	
CO2 emissions per unit volume

	
0.17

	
−1.02

	
−0.46

	
1.31

	
0.83




	
Land area per unit volume

	
−0.33

	
1.46

	
−0.80

	
−0.33

	
0.17




	
Environmental impact comprehensive score

	
0.09

	
−0.60

	
−0.52

	
1.03

	




	
Grid index

	
Reliability index

	
0.31

	
−1.34

	
1.05

	
−0.02

	
0.30




	
Equivalent load standard deviation

	
0.35

	
−0.25

	
1.14

	
−1.24

	
0.53




	
Delayed grid upgrade benefits

	
1.45

	
−0.31

	
−0.83

	
−0.31

	
0.17




	
Power grid-related indexes comprehensive score

	
0.53

	
−0.59

	
0.77

	
−0.71

	











 





Table 4. The comprehensive scores of each energy storage type in the two scenarios.
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	Lithium-Ion Battery
	Sodium-Sulfur Battery
	Flywheel Energy Storage
	EHA





	Total score of economic benefit type
	−0.0772
	−0.4136
	0.1879
	0.3029



	Total score for environmental benefit type
	0.0282
	−0.5041
	−0.1568
	0.6328










 





Table 5. Power generation parameters of AP1000 under different operating conditions.
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	Operating Load
	Mass Flow of Working Medium

(kg/h)
	Enthalpy of Steam Generator Outlet

(kJ/kg)
	Enthalpy of Steam Generator Inlet (kJ/kg)
	Thermal Power (MW)
	Generated Power (MW)
	Generation Efficiency





	100%
	6,799,000
	2783.7
	975.5
	3415.0
	1251
	0.37



	90%
	6,117,181
	2783.6
	949.3
	3116.9
	1125.9
	0.36



	75%
	5,115,447
	2783.3
	906.8
	2666.4
	938.25
	0.35



	50%
	3,488,865
	2779.5
	822.8
	1896.3
	625.5
	0.33



	40%
	2,852,485
	2777.3
	781.9
	1581.1
	500.4
	0.32



	30%
	2,238,899
	2775.1
	748.3
	1260.5
	375.3
	0.30










 





Table 6. Toxicity data at different ammonia concentrations [20].
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	Ammonia Concentration (mg/m3)
	Contact Time

(min)
	Toxic Hazard





	67.2
	45
	Nasopharyngeal irritation



	70~140
	30
	Eye and upper respiratory discomfort, nausea, and headache. (Mild)



	140~700
	30
	Irritation of the eyes and nose, rapid pulse. (Moderate)



	700~1750
	30
	Cough, strong irritation. (Moderate)



	1750~4500
	30
	Can cause death. (Severe)



	Over 4500
	Short time
	Immediate death. (Extremely severe)










 





Table 7. Basic event list.
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	ID
	Basic Event
	ID
	Basic Event
	ID
	Basic Event





	X1
	Human error
	X9
	Hit by an external force
	X17
	Unscheduled testing



	X2
	Exhaust system failure
	X10
	Frictional static
	X18
	Leakage not found



	X3
	Illegal use of fire
	X11
	Equipment not grounded
	X19
	Manual safety valve failure



	X4
	Use non-explosion-proof appliances
	X12
	Vessel corrosion
	X20
	The automatic shutdown system is faulty



	X5
	Explosion-proof electrical failure
	X13
	External destruction of vessel
	X21
	Carrying inflammable and explosive things illegally



	X6
	Lightning strike
	X14
	Seal failure
	X22
	Thermal monitoring system failure



	X7
	Lightning protection device failure
	X15
	Alarm failure
	X23
	Pressure monitoring failure



	X8
	Working tool impact
	X16
	Gas monitoring failure
	X24
	Discharge device failure










 





Table 8. ALOHA thermal radiation strength and shock strength classification indexes.
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	Radiation Flux (KW/m2)
	Consequence
	Shock Wave Strength (MPa)
	Consequence





	2
	60 s, pain
	0.007
	Shattering glass



	5
	60 s, second-degree burns
	0.024
	Serious injury



	10
	60 s, Fatal risk
	0.055
	Destroy buildings
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