[image: image1]Innovative technology for large-scale photovoltaic consumption using reversible solid oxide cells

		ORIGINAL RESEARCH
published: 24 January 2023
doi: 10.3389/fenrg.2022.1033066


[image: image2]
Innovative technology for large-scale photovoltaic consumption using reversible solid oxide cells
Hongtao Mao1, Dong Nie1, Xi Chen1, Yanan Cai1, Jie Zhao1, Xuzheng Zhang2, Haoyu Yu2, Wanli Ma2, Zepeng Lv2 and Jun Zhou2*
1Baoding Power Supply Company, State Grid Corporation of China, China
2State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an, China
Edited by:
Chaolong Zhang, Jinling Institute of Technology, China
Reviewed by:
Sennai Mesfun, Research Institutes of Sweden (RISE), Sweden
Johan Tallgren, VTT Technical Research Centre of Finland Ltd., Finland
Gurpreet Kaur, Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia
Paul Okonkwo, Dhofar University, Oman
* Correspondence: Jun Zhou, zhoujun@mail.xjtu.edu.cn
Specialty section: This article was submitted to Smart Grids, a section of the journal Frontiers in Energy Research
Received: 31 August 2022
Accepted: 05 December 2022
Published: 24 January 2023
Citation: Mao H, Nie D, Chen X, Cai Y, Zhao J, Zhang X, Yu H, Ma W, Lv Z and Zhou J (2023) Innovative technology for large-scale photovoltaic consumption using reversible solid oxide cells. Front. Energy Res. 10:1033066. doi: 10.3389/fenrg.2022.1033066

It is inevitable that renewable energy consumption will increase as installed capacity continues to increase, primarily wind and photovoltaic power generation. Power to Gas (P2G) technology can store electrical energy in the form of chemical energy on a large scale. Reversible solid oxide cell (RSOC) has a very high conversion efficiency in both electrolytic gas production and fuel cell power generation compared with traditional electricity-to-gas devices. For the future integrated energy system, Reversible solid oxide cells are expected to play a significant role in integrating power generation and energy storage. This work proposes a new integrated energy system based on Reversible solid oxide cell for photovoltaic (PV) consumption. The Integrated Electricity-Gas System (IEGS) considers the two modes of electrolysis and power generation of Reversible solid oxide cell in the model. The model takes the minimum running cost as the objective function to linearize part of the model to generate a mixed integer linearization problem and solve it in GAMS. The case study shows that wind power is maximized, and the gas mixture can be transported in natural gas pipelines, improving the economics and stability of Integrated Electricity-Gas System. This work not only can reduce the operating cost of the system but also increase the high penetration of photovoltaic power generation. A quantitative assessment of the impact of hydrogen injection ratio and renewable energy penetration was also carried out.
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1 INTRODUCTION
The rapid and disorderly development of renewable energy has raised some related issues (Zhang et al., 2022; Zhao S, et al., 2022). First of all, renewable energy power generation is mainly wind power generation and photovoltaic power generation, which naturally have the characteristics of intermittent fluctuation. The integration of renewable energy into the grid is a huge challenge for the power network that requires stability and security (Denholm and Hand, 2011; Brouwer et al., 2014; Ahmed and Khalid, 2019). Secondly, most of the areas rich in renewable energy are located at the terminal stations of the power grid. Although the installed capacity is large, it cannot be fully absorbed on site. Due to the rapid and unbalanced development of renewable energy and regional environmental impacts, the surrounding facilities of some large-scale new energy power plants that have been built are not perfect, which may easily lead to waste of renewable resources. A promising solution to these problems is to convert it into other energy for consumption (Fang et al., 2018; Wang et al., 2019; Martínez Ceseña et al., 2020). Power to gas (P2G) technology produces hydrogen by hydrolysis of water using renewable energy power, which can supply power during peak power demand of the grid, and store surplus energy when renewable energy power generation is more than power demand. Paul C. Okonkwo has studied Proton exchange membrane fuel cells (PEMFCs), which converted power to gas through hydrolysis of water (Okonkwo et al., 2021a; Okonkwo et al., 2021b; Okonkwo and Otor, 2021; Okonkwo et al., 2022). Reversible Solid Oxide Cells (RSOC) can achieve an energy conversion efficiency of more than 85% for electrolysis mode, which is far above other methods in forms of energy storage, and have the advantages of bidirectional conversion, low preparation cost, and easy realization of cogeneration (Zhang et al., 2010; Laguna-Bercero, 2012). RSOC stands out among many P2G processes (Mogensen et al., 2019a). The RSOC can consist of the integrated operation of both positive and negative modes of co-electrolysis and co-generation (Luo et al., 2017). In addition to producing hydrogen, RSOC can also convert hydrogen into part of synthetic natural gas (SNG) through co-electrolysis. The produced hydrogen is mixed with natural gas and injected into the natural gas pipeline to form Hydrogen-Enriched Compressed Natural Gas (HCNG). Current experimental and simulation studies have demonstrated that it is feasible to inject hydrogen in the range of 10%–20% without changing the natural gas pipeline and natural gas equipment used by users (Abeysekera et al., 2016; Lapo et al., 2021; Zhao et al., 2021). Such a high proportion of hydrogen injection enables the natural gas network to store large amounts of renewable energy. Through P2G technology, the natural gas network and the power network are coupled, which greatly improves the flexibility of the power system and promotes the ability of the entire system to absorb renewable energy, such as photovoltaic power generation.
The operation mode of the electric P2G part of the integrated energy includes the injection and utilization of hydrogen (Schiebahn et al., 2015; Manuel et al., 2016). Aiming at the difficult problem of transmission of a large number of wind power equipment installed in different regions to the demand center, the literature (Qadrdan et al., 2015) studied an operation optimization model of the combined natural gas and power network in the United Kingdom. Reference (Stephen and Pierluigi, 2015a) considers the amount of hydrogen that can be mixed with natural gas under different natural gas network conditions and develops a two-stage optimization method for integrated power and natural gas networks. The impact of P2G technology on natural gas prices and seasonal gas storage utilization was assessed. Reference (Gao et al., 2018) linearized the non-linear electric-gas hybrid integrated energy system model to construct an integrated energy system model with linear power flow distribution characteristics. Under the condition of satisfying the demand for electric load and heat load, the economical and reliable indicators of the system are analyzed, and the economic benefits of P2G technology absorbing wind power are evaluated.
RSOC has become more and more popular due to its high energy conversion efficiency in both hydrogen production and cogeneration (Singhal, 2012; Barelli et al., 2017). RSOC stacks can not only be used as distributed power generation devices but also can be grouped and integrated into large-scale stationary power generation/P2G power plants. In the integrated energy system, it is possible to switch freely between working modes, making the use and storage of hydrogen more flexible. In recent research work, solid oxide cells (SOFCs) have been thermodynamically modeled. Several studies have provided insight into the dynamic performance of the co-electrolysis/generation process (Becker et al., 2012; Foit et al., 2017; Yu et al., 2017). In addition, the electrochemical performance and durability of RSOC were studied, and the internal electrolytic reduction process was analyzed in detail (Azra et al., 2005; Mogensen et al., 2019b). RSOC-based energy systems have also been extensively studied. Previous work modeled fuel cells in microgrid-scale analysis but did not consider the co-electrolysis process. In the modeling of energy systems with power-to-gas relationships, the research mainly focuses on the planning and operation of networks. Fuel cells are generally used as devices with fixed energy conversion efficiency, and P2G technology is generally directly modeled as input/output components (Stephen and Pierluigi, 2015b; Haifei and Yibo, 2018; Luo et al., 2018).
In this work, a new type of RSOC electricity-gas integrated energy system hub station is constructed, which is able to inject hydrogen produced by electrolysis into the existing natural gas network for storage of renewable energy and utilization of mixed gas. The modes of co-electrolysis and power generation are considered in the RSOC modeling. The time start-up cost of RSOC is also considered. Combining the DC power flow model with the gas power flow model realizes the network optimization of the electrical integrated energy system. A mixed integer linear programming problem can be obtained by linearizing the Weymouth gas flow function incrementally. In terms of case studies, the above model is tested using an improved RTS-24 busbar grid combined with a 20-node natural gas network. The benefits and impacts of H2 injection, storage and utilization and natural gas blending throughout the natural gas pipeline are quantitatively analyzed. The effects of different renewable energy levels and H2 injection limitations on integrated energy systems with P2G were investigated. The research results show that RSOC combined with P2G and H2/SNG injection can increase the consumption of new energy through the energy system, and improve economic and environmental benefits.
2 CONCEPTION
The RSOC of integrated electricity-gas energy system studied in this work aims to provide multiple energy carriers such as electricity, natural gas, and hydrogen and their mixtures on the basis of the transmission network, and has a considerable renewable penetration rate. The advantage of this system is that it reduces the capacity of the hydrogen storage facility and saves the transportation losses of compressed hydrogen. As shown in Figure 1, RSOC stacks are considered multi-stackable and can be grouped into large stationary power plants. RSOC system consists of SOEC part and methanation part, which are combined in one reactor with different temperature gradient zones (Zhou et al., 2020). When the photovoltaic power generation is insufficient, the RSOC will operate in fuel cell mode and provide power together with a conventional heat set and a gas turbine (GT). During sufficient PV availability, the RSOC will operate in electrolyser mode, generating H2 with SNG that can be injected, stored and utilized, and passed through the storage unit and NG network. The injected H2 can be mixed in the NG pipeline and sent to the downstream natural gas terminal. The mixed gas can be utilized by traditional gas-consuming units such as gas turbines and household stoves, as long as the mixed hydrogen does not exceed a safe mixing percentage. The mathematical model of the energy system includes a power network model and a gas pipeline network model that injects a certain proportion of hydrogen mixed with natural gas.
[image: Figure 1]FIGURE 1 | The IEGS including RSOC and H2 injection.
3 MATHEMATICAL FORMULATION OF IEGS
3.1 Objective function
The goal of IEGS is to minimize the overall operating cost while meeting the user’s electricity and gas needs. Its objective function is shown in Eq. 1. The first item represents the power generation cost of the generator set; the second item is the natural gas cost provided by the natural gas source; the third item is the photovoltaic curtailment cost. The fourth item is the cost of power abandonment.
[image: image]
where [image: image] is the power generation of the generator set g at time t, [image: image] is the gas production at the gas source n at time t, [image: image] is the load shedding amount at the bus i, and [image: image] is the power of the abandoned photovoltaic. The constants are: [image: image] the power generation price of the thermal unit g, [image: image] the natural gas price at the gas source point n, [image: image] the price required to reduce the load of the system, and [image: image] the price of the abandoned light.
3.2 Modeling of RSOC
The RSOC station model proposed in this work adopts the method of lumped functions and considers several properties of RSOC in the hour time frame. Part-load performance of power generation and co-electrolysis, operating schedule for RSOC, and time-varying start-up costs are calculated as mixed integer linear programming (MILP). Fitted curves for the part-load performance of power generation and co-electrolysis at steady-state RSOC are given in Figure 2. Since the C=O bond is not easily broken, the co-electrolysis efficiency decreases with the increase of the volume fraction of the prepared SNG. Figure 2B depicts the operating curves for 15% (mol) H2 and 100% (mol) H2. Part-load performance can be expressed as a non-linear function in Eqs 2, 3. It is assumed that the effect of the production fraction of SNG on the co-electrolysis efficiency is linear, that is, a coefficient [image: image] is added in front of the electrolysed natural gas in Eq. 3. Equation 4 expresses the constraint of natural gas production. [image: image] is the maximum gas production fraction. Carbon dioxide converted or captured during RSOC operation can be inferred from the natural gas produced.
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[image: Figure 2]FIGURE 2 | Linearization of the characteristic curve of RSOC during steady-state operation. (A) power generation mode, (B) electrolysis mode.
In the above formula, the subscript r represents each RSOC. [image: image] is the input energy of the gas; [image: image] and [image: image] is the electrolysis of hydrogen and natural gas. [image: image] is the input power supply for the common electrolysis process. [image: image] and [image: image] is calorific value of natural gas and hydrogen. The non-linear function [image: image] can be linearized piece by piece by incremental linearization techniques, as expressed by Eqs 6–8 (Li and Yu, 1999).
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[image: image] represents the position of the number s segment; [image: image] is the starting position of the number [image: image] segment; is a binary variable.
RSOC is limited by physical conditions and cannot be started and stopped frequently. The device needs to consider the start and stop time constraints, as represented by Eqs 9, 10.
[image: image]
[image: image]
where [image: image] and [image: image] represent the start and stop states of the number j fuel cell during t, respectively. They are both binary variables. 0 means the battery is off, 1 means the battery is on. The logical relationship between the switch states of the electrolysis and power generation modes of the fuel cell is shown in Eqs 11–14.
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The response of the SOFC is relatively slow when it switches from one thermal equilibrium state to another, so it is necessary to consider its ramping power when the solid oxide fuel cell works. The relationship between the minimum operating power and the rise/fall power is determined by Eqs 15, 16.
[image: image]
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[image: image] represents the generated power of the RSOC at time t; [image: image] represents the electrolysis power of the RSOC at time t; [image: image] represent the uphill and downhill power in the fuel cell power generation mode; and [image: image] represent the uphill and downhill power in the electrolysis mode.
As the operating hub of the entire integrated energy system, the RSOC’s start-up and shutdown costs cannot be ignored. As a thermal unit, the start-up cost of an RSOC is considerable. A 1 kWh SOC stack requires approximately 1.3 kWh of energy to cold start (Peksen, 2018). In an energy system, the RSOC can be taken offline for a short period of time and then connected to the grid before it is fully cooled, so that the start-up cost of the RSOC is much lower than when it is fully cooled. The start-up cost of the RSOC is measured by the input gas energy and depends on how long the RSOC is offline before start-up. A typical time-dependent start-up cost function can be found in (Carrion and Arroyo, 2006). The start-up cost is discretized, as shown in Figure 3 and Eqs 17, 18.
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[image: Figure 3]FIGURE 3 | The relationship between startup cost and offline time.
Among them, [image: image] is the length of the RSOC offline, [image: image] is the start-up cost of fuel cell after the offline time length, [image: image] is the maximum start-up cost variable, [image: image] is the fixed start-up cost, and [image: image] is the cooling time constant. So the start-up cost when the RSOC is fully cooled is [image: image].
3.3 Electricity network
The integrated energy system adopts the transmission network and adopts the DC power flow transmission model. Equations 19–23 represent the constraints of the transmission network.
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In the formula, [image: image] is the power load, [image: image] is the included angle of the busbar i, [image: image] is the reactance of the transmission line between the busbar i and j, [image: image] is the predicted photovoltaic power generation, [image: image] is the photovoltaic power generation included in the power grid, and [image: image] is the amount of abandoned light.
3.4 Gas network
Gas network constraints include pressure boundary constraints and gas flow equilibrium constraints. For a pipeline node, the gas coming in from the node mainly comes from the terminal gas supply, storage facilities, gas supply from pipelines (transmitted from other nodes), and hydrogen produced by P2G, and the gas going out mainly goes to another pipeline or is consumed by utilization. For network optimization, the volume of injected H2 is converted to the volume of natural gas. Equations 24–26 further constrain the gas source output and gas flow.
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Among them, [image: image] is the gas volume flow rate from node n to node m, and [image: image] is the gas load at node n. The nodal pressure constraints follow the Weymouth formula:
[image: image]
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Linearize the Weymouth formula in order to make the entire optimization system a mixed integer linear programming model. In the Weymouth formula, it can be linearized by the incremental linearization technique mentioned in the previous section.
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In order to ensure a safe mixing ratio of the hydrogen mixture, the limit of the mixture of hydrogen and natural gas must be limited. The risks and hazards of mixing high proportions of hydrogen with natural gas have been evaluated in many projects (Azra et al., 2005). In this paper, the mixing constraint of H2 can be expressed as:
[image: image]
The [image: image] is the maximum mix limit percentage. [image: image] and [image: image] are the quantities of hydrogen and natural gas injected at node n, and [image: image] is the quantities of natural gas supplied by the node.
4 CASE STUDIES
4.1 Tested system
As shown in Figure 4, the tested electric-gas integrated energy system network consists of a 20-node gas system and a modified IEEE RTS-24-bus power system. In the following example, we demonstrate the behavior of the proposed model during hourly optimization of the day. There are three photovoltaic power plants on Lines 1, 19 and 21 with capacities of 750, 1,000, and 1,250 MW respectively. When the sunlight is sufficient during the day, the excess photovoltaic power generation of the power system can be used by the reversible solid oxide fuel cell to participate in the P2G process. RSOC1, RSOC2, RSOC3, and RSOC4 are installed on bus bars 1, 2, 16 and 22 with capacities of 152, 152, 155, and 300 MW respectively. The technical data of RSOC refer to literature (Peksen, 2018; Mogensen et al., 2019b), which are uniformly adjusted to all RSOC units. The performance of power generation and co-electrolysis is shown in Figure 2. The power generation efficiency of each fixed RSOC is 52%, and the electrolysis efficiency of pure H2 is 76%. The maximum gas production is 85%, and the total electrolysis efficiency is 69%. Start-up fees vary over time, as shown in Figure 3. The electricity demand data, natural gas demand data, and photovoltaic power generation forecast data are shown in Figure 5. User natural gas demand is measured by the volume of natural gas, which adds up to 36.4 × 106 SCM per day. The rest of the system data can be obtained from literature [38].
[image: Figure 4]FIGURE 4 | The IEGS network test system.
[image: Figure 5]FIGURE 5 | Scheduling results for hydrogen injection with a maximum concentration of 20%. (A) 50% light intensity, (B) 80% light intensity, (C) 100% light intensity.
Because photovoltaic power plants fluctuate greatly on a daily basis, they have been chosen as the renewable energy source of this integrated energy system. This indicates a system’s ability to absorb renewable energy more clearly in a fluctuating renewable energy environment. In order to evaluate the impact of different levels of renewable energy and different hydrogen injection limitations on the established integrated energy system, three different light levels were used: 1) low light (50%) light intensity, 2) medium light (80%) light intensity, 3) strong light (100%) light intensity, three hydrogen injection limits: 1) 5% maximum hydrogen injection concentration; 2) 20% maximum hydrogen injection concentration; 3) 0% hydrogen injection concentration. In order to operate the system at different light intensities, the system will increase/decrease the input predicted photovoltaic power generation power for each time period, while the light intensity changes hourly way does not change. In order to reflect the changes in the system when the hydrogen injection limit values are different, the injection percentage parameter MI in Eq. 33 for the maximum hydrogen injection concentration is adjusted to adjust the maximum hydrogen injection concentration that can be safely injected into the natural gas pipeline.
4.2 20% H2 injection limit
Figure 5 shows the scheduling results for a maximum H2 injection concentration of 20%. We can observe that as light intensity increases, fossil fuel power generation decreases, and electrolysis power increases. When the light intensity increases to 80%, the power generation of fossil fuels is lower at the time of t9–t14. This is because the light intensity at noon is large, the power supplied to the grid is sufficient, and a part can be used for electricity to gas conversion. When the light intensity is 100%, the power generation of fossil fuels and the power of electricity to gas does not change greatly, which is caused by the power limitation of fuel cell electricity to gas and the limitation of the maximum hydrogen concentration. The electricity-to-gas process can still generate fossil fuel power at night, even when there is no light. This is because the lines are congested, and in order to balance supply and demand, part of the electricity is converted into natural gas or hydrogen.
The operating state of the RSOC is shown in Figure 6 and Table 1. As light intensity increases, the P2G process’s operating power increases. At 50% light intensity, RSOC1 and RSOC4 operate in electrolysis mode at noon, and the rest of the time is to provide power to the power system. The start-up costs for RSOC1, RSOC2 and RSOC4 are 183, 206, and 408 MWh, respectively, because PV generation is not sufficient to maintain the minimum P2G operating power of these units. At 80% light intensity, all RSOCs can operate in electrolysis and power generation modes, except for all-day RSOC2 in power generation mode. At 100% light intensity, all RSOC will participate in the electrolysis and power generation process. Under 50% light intensity, although the efficiency of converting electricity to natural gas is relatively low, the gas production is still considerable. SNG production balances hydrogen and natural gas mixing ratios. The production of electricity to natural gas and hydrogen increased continuously with the increase of light intensity, but the increase was not obvious at more than 80% light intensity. To integrate more unconsumed photovoltaic power generation, more natural gas needs to be mixed with hydrogen injection pipelines. In addition, due to the limitation of the transmission capacity of the circuit line, when the light intensity is relatively high, a part of the renewable energy cannot be converted into hydrogen and natural gas in time through the RSOC for storage.
[image: Figure 6]FIGURE 6 | The situation of each RSOC electrolysis and power generation. (A) 50% light intensity, (B) 80% light intensity, (C) 100% light intensity.
TABLE 1 | Operating results of the system under different hydrogen doping concentrations and light intensities.
[image: Table 1]4.3 System operation results under different maximum hydrogen injection concentrations
Under the framework of energy dispatch, the benefit of mixing different concentrations of hydrogen 0%, 5% and 20% maximum hydrogen injection concentration scenarios is discussed. Among them, the total optimal cost includes source gas cost, photovoltaic reduction penalty, and load reduction.
It can be concluded from Table 2 that when the highest hydrogen doping concentration is 20%, the system cost and photovoltaic reduction are relatively reduced, while the production of hydrogen and natural gas increases correspondingly. In spite of this, the cost of the system did not decrease significantly after the light intensity gradually increased. This is because when calculating the cost of the system, its light penalty is taken into account. The cost of the system will increase significantly when the light intensity is high, and the load demand is low. It is found that when the highest hydrogen doping concentration is 5%, the natural gas production is 0 when the highest hydrogen doping concentration is 20%. When the highest hydrogen doping concentration is 20%, the system will generate natural gas, which reduces the supplement of external natural gas and reduces the cost. The intake of hydrogen gas is higher.
5 CONCLUSION
In this work, we presented a power-to-gas integrated energy system based on RSOC in order to promote the development of multi-energy complementary systems. By dividing the electricity-to-gas process in the RSOC into electricity-to-hydrogen and electricity-to-natural gas, we investigated the system characteristics and the time-varying law of start-up costs under different RSOC operating modes (electrolysis and power generation). Based on the DC power flow power system model and the linearized gas pipeline model, the optimal scheduling problem of the integrated energy system is established. In addition, we also evaluated the amount of energy generated from renewable sources, such as photovoltaics, and the effect of the maximum concentration of hydrogen injection on the energy system. This work also quantified the economic benefits of power-to-gas in renewable energy integration. With the continuous improvement and progress of electricity-to-gas technology, reversible solid oxide fuel cells may ultimately contribute significantly to carbon neutrality.
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