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Hybrid energy system based on renewable energy is an important way to solve current energy and environmental problems. However, its achievable benefits need to be realized through an integrated optimization that considers optimization objectives, optimization models, and optimization algorithms. In this paper, the integrated structure and configuration optimization techniques of the hybrid energy system based on renewable energy (RE-HES) is summarized. The performance indicators, system characteristics, model construction, and solutions of RE-HES optimized configuration are comprehensively reviewed. Current review highlights the diversification of performance evaluation index, consideration of uncertainty and dynamic properties, superstructure approaches and intelligent algorithms.
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1 INTRODUCTION
The hybrid energy system based on renewable energy (RE-HES) has advantages of high efficiency, economy and low carbon emission, and is considered to be one of the effective ways to solve problems of energy shortage, environmental pollution and greenhouse gas emissions (Abba and Chee, 2019; Yi et al., 2021). RE-HES has high degree of flexibility and diversity, it provides a good platform for the comprehensive utilization of various energy sources (Mala and Rajeshwer, 2020), including the complementarity of continuous energy and intermittent energy (Merei et al., 2013), the complementarity of high-carbon energy and low-carbon energy (Yongpin et al., 2016; Junjie et al., 2022), the complementarity of electricity and gas (Merei et al., 2013), the complementarity of electricity and heat (Zeng et al., 2016), and so on.
RE-HES has many application scenarios, such as residential communities, office buildings, commercial areas, campuses, hospitals, and airports. Another potential application scenario is the data center (Pei et al., 2020). The data center consumes a large amount of energy (Caishan et al., 2021). RE-HES can provide efficient green energy for data centers to meet its power and cooling needs. At the same time, the large amount of waste heat generated by the data center can also be combined with RE-HES to further improve the overall efficiency and economy of the system (Howard and Shengwei, 2019).
The performance of RE-HES in various application scenarios must first be guaranteed through configuration optimization. During the system configuration process, various energy sources are added as needed, the type and capacity of each device are selected, and its operation strategy is determined to make the final configured production system more economical, energy-efficient, and environmentally friendly (Seyed et al., 2022). RE-HES has numerous devices, diverse structures, and flexible operation strategies, which bring great challenges to the configuration optimization of the hybrid energy system. To this end, many literatures focus on the configuration optimization problem of RE-HES (Barun and Mahmudul, 2021; Lin et al., 2017).
Performance evaluation, model building, and model solving are the three main elements of a configuration optimization problem. In terms of performance evaluation, most researches are based on economic, energy saving, and environmental protection indexes (Liu et al., 2022), but in order to analyze system performance more comprehensively, many new evaluation indexes have also been developed in recent years (Ni et al., 2020) (Zhong et al., 2021). The construction of the model is closely related to the research object and research needs. In addition to the need to reasonably construct the objective function (mainly based on the research results of evaluation indexes), it is more important to reasonably describe the constraints (Wei et al., 2017; Cao et al., 2018). The constraints here include not only the internal constraints of the system and the physical interaction constraints between the system and the outside world, but also various non-physical constraints, such as economic constraints, human preference settings, etc. (Ahmad, 2021). The solution of the model also deserves attention. The configuration optimization model of the hybrid energy system is usually complex, which brings many challenges to the research of the solution algorithm. Many solving algorithms have been proposed, including classical algorithms (Yunfei et al., 2020), intelligent algorithms (Paliwal et al., 2014) and hybrid algorithms (Askarzadeh, 2013).
This paper aims to address the issues related to configuration optimization of RE-HES with a detailed review of performance evaluation, model building and model solving and other aspects of configuration optimization. The paper is structured as follows: Section 2 presents the integrated structure of RE-HES; Section 3 summarizes performance evaluation indexes of RE-HES; Subsequently, uncertainty and dynamics characteristic are concern in Section 4; Section 5 presents configuration optimization techniques used for RE-HES. Finally, conclusions are made.
2 INTEGRATED STRUCTURE OF RE-HES
According to the current literature, the most basic integration methods of hybrid energy systems can be divided into two categories. One is series integration, the other is parallel integration. In the series integration type, the two energy sources do not work independently, but are strongly coupled in the same device and work together. As shown in Figure 1, based on gas steam combined cycle, solar collector is used to heat the outlet water of high-pressure economizer. In this system, the solar collector plays a role like the steam drum of the heat recovery steam generator in the gas steam combined cycle. The two energies converge at the inlet of the superheater of the heat recovery steam generator, and then jointly drive the steam turbine to do work (Antonanzas et al., 2014). In the parallel integration type, the various energy sources are less coupled during the energy conversion process, but only converge before being supplied to the user, as shown in Figure 2. The integration structure of the former is more complicated with stronger coupling, so the current research mainly focuses on the integration mechanism and performance analysis. Although the integration structure of the latter is relatively simple, it has many types of units and complex combinations, which makes the integration optimization more difficult and becomes the focus of current research.
[image: Figure 1]FIGURE 1 | Series-integrated multi-energy complementary system.
[image: Figure 2]FIGURE 2 | Parallel-integrated multi-energy complementary system.
2.1 Series integration
In hybrid energy systems, the integration of solar energy and natural gas is the most common. In addition to the integrated form shown in Figure 1, Solar energy is also used for the synthesis and decarbonization of gaseous fuels (Wei et al., 2011). In this system, natural gas reacts with water vapor under the high temperature heating of solar energy to generate H2 and CO2, and the H2-rich fuel can be obtained by removing CO2. According to the literature, not only 92% CO2 can be removed, but also the power generation efficiency of the gas turbine reaches 39.2%, which is 7.9% higher than the reference system. Similarly, (Augusto et al., 2013) also uses solar energy for the synthesis of gaseous fuel, and then the synthesis gas is mixed with natural gas and then enters the gas turbine to be burned and do work. This study shows that when all syngas is used as fuel, about 20% of natural gas can be saved, which is quite close to the study by Wei et al. (2011) Solar and gas turbines are more closely integrated in Felsmann et al. (2015). Part of the air at the outlet of the compressor is heated by solar energy, mixed with the high-temperature flue gas at the outlet of the combustion chamber, and then enters the turbine to do work. In another proposed scheme, the solar collector directly replaced the function of the combustion chamber. All air at the compressor outlet is heated by solar energy to high temperature air and then goes directly to the turbine to do work. This scheme actually goes beyond the combination of solar energy and natural gas and can be classified as a pure Solar System. Another way of integrating solar energy into gas turbines is given in Soltani et al. (2014). Part of the air at the outlet of the regenerator is heated by the solar collector and then enters the combustion chamber, and the solar collector plays the role of secondary heating of the air here. In addition to pure power generation systems, solar energy is also often introduced into cogeneration or combined cooling, heating and power systems. For example, Yagoub et al. (2006) studies the system performance of solar energy integrated with a gas boiler and turbine type cogeneration unit. In this study, solar energy was used to heat the exhaust flue gas of the boiler, and then combined with the high temperature flue gas from the combustion chamber to enter the boiler to heat the working fluid.
It can be seen from the above research that the series integration of solar and natural gas distributed energy systems is very diverse. Solar energy can penetrate from the fuel end of the natural gas distributed energy system to the waste heat recovery end. In contrast, the series integration of wind energy, geothermal energy, etc. with the natural gas distributed energy system is much less, and its integration is mainly at the waste heat recovery end. Parallel integration is a relatively common way to realize the complementary utilization of these energies.
2.2 Parallel integration
Compared with the series integration method, the parallel integration method is much more flexible. Through parallel integration, Multiple energy sources can work together on the same platform to meet the user’s cooling, heating and power load needs. Kalantar and Mousavi G (2010) integrates 195 kW wind turbine, 85 kW solar power generation, 230 kW micro gas turbine and 2.14 kAh lead-acid battery and realizes the capacity optimization and operation control of the system. A similar study was conducted in Mousavi G (2012). In this study, a 315 kW wind turbine, a 175 kW tidal turbine, a 290 kW microturbine, and a 3.27 kAh lead-acid battery are operated together, and the capacity optimization and operation control methods of the system are studied. The introduction of renewable energy can significantly reduce greenhouse gas emissions from natural gas energy systems. This is fully reflected in the research in Braslavsky et al. (2015). In this study, DER-CAM tool was used to establish an economic optimization model for the integrated system, which includes natural gas combined cooling, heating and power plant, photovoltaic power generation, solar collectors, etc., and the minimum cost and minimum CO2 emissions are used as the objective function. The results show that the combined natural gas supply system alone can reduce CO2 emissions by 8.5% and 29.6% per year, respectively. After integrating solar energy, although the overall energy cost increases, the CO2 emission reduction rate can reach 72%.
In addition to the above classification, it can also be classified according to the form of energy contained in the hybrid energy system. Such as solar-coal hybrid energy system (Yongpin et al., 2016; Yinghong et al., 2008), PV-wind-Battery hybrid energy system (Garima et al., 2017), PV-Wind-Diesel-Battery hybrid system (Mohammad et al., 2017), wind-diesel system with compressed air storage (Ibrahim et al., 2011). In the comprehensive utilization of multiple energy sources, it can be further subdivided according to whether each energy source is equal or has priority. Such as the solar-assisted coal-fired power generation system based on coal-fired power generation (Yongpin et al., 2016), solar thermal integration in combined cycle gas turbines (Antonanzas et al., 2014), and hybrid energy system with natural gas as main fuel (Hossein et al., 2017).
3 CONFIGURATION OPTIMIZATION ARCHITECTURE OF HE-RES
The optimal configuration of a system means that the system has the best combination of equipment and capacity, which can optimize the overall performance of the system by optimizing operation under the expected load demand. Therefore, the configuration optimization of the hybrid energy system needs to solve two problems at the same time: one is the configuration problem, i.e., to determine the type and capacity of each device in the system; the other is the operation problem, i.e., to determine the optimal operation strategy of the system under the expected load demand. These two issues are not independent but affect each other (Ryohei et al., 2015). According to the way to deal with these two problems, the existing literature can be divided into two architecture: centralized architecture and layered architecture.
3.1 Centralized architecture
The centralized architecture refers to the unified construction and solution of the model to obtain the equipment type and size and the optimal operation strategy, as shown in Figure 3
[image: Figure 3]FIGURE 3 | Load response curves under two different equipment capacity configurations at system level (Yuxuan et al., 2022)
Based on the centralized architecture, many studies have been carried out on hybrid energy systems. Yi et al. (2022) proposed a mixed integer nonlinear programming (MINLP) model and solved it using GAMS/DICOPT to obtain the optimal configuration of a solar-assisted natural gas distributed energy system with energy storage. Jianli et al. (2021) established a mixed integer programming model for a gas-wind-light-hydrogen integrated energy system with the goal of minimizing the total annual cost and carbon emissions, etc. The advantage of the centralized architecture is that he construction of the model can be closer to the original appearance of the problem, and there is no need to worry about the loss of information that may be caused by the separation of the planning optimization model and the operation optimization model in the layered architecture. Therefore, with the support of efficient solving algorithms, the Centralized architecture is more likely to obtain theoretical optimal values than the layered architecture. However, as the complexity of the problem increases, the shortcomings of the overall architecture will become more and more obvious. The model obtained based on this method may be difficult to solve, and the accuracy of the model description and the solution efficiency are not easy to balance, which eventually leads to the problem of the quality of the optimization results.
3.2 Layered architecture
The layered architecture refers to dividing the configuration optimization problem into multiple problems to model and solve separately, as shown in Figure 4
[image: Figure 4]FIGURE 4 | Centralized architecture for RE-HES configuration optimization.
In the layered architecture, the configuration problem is divided into the planning problem layer and the operation problem layer. These two layers can be modeled and solved separately, but the coupling problem between the two layers needs to be properly handled. The layered architecture has greater flexibility than the centralized architecture, and the choice of modeling and solution methods can be more free and targeted. Therefore, many researches have been carried out based on this architecture in recent years. Aiming at an isolated grid energy system composed of hydropower stations, hydrogen production equipment, hydrogen storage devices and fuel cells, a configuration optimization model based on a two-layer structure is designed in Huang et al. (2021), in which the upper layer aims to minimize the investment cost, and the lower layer aim for minimal operating costs. The Asynchronous Advantage Actor-Critic (A3C) reinforcement learning algorithm and Gurobi are used to solve the model. To solve the problem of optimal configuration of park integrated energy system under the influence of uncertainty, Min et al. (2022) proposes a two-stage robust optimization model based on a dynamic programming strategy. Wang et al. (2019a) presents a two-stage optimal configuration method. The first stage determines the capacity size, equipment selection and the number of units; the second stage considers the operation constraints, verifies and compares the reliability and economy of the configuration scheme, so as to obtain the optimal capacity configuration scheme.
For multi-objective optimization, more layers can be used. Since multi-objective optimization problems are often handled with a two-layer structure (Xu et al., 2020a), in the first layer, the multi-objective optimization results are obtained; in the second layer, the weight coefficients of each objective are determined. Therefore, if the multi-objective optimization results are computed in the first layer using the layered architecture, the entire optimization problem actually adopts a three-layer structure. Problems at different levels can be solved by different algorithms, which provides more possibilities for the combination of more algorithms to solve the problem. It is worth noting that the more layers are divided, the easier the optimization problem may be to solve, but the more difficult it is to obtain the theoretical optimal value.
4 MODEL DESCRIPTION AND CONSTRUCTION OF RE-HES
4.1 Model construction method
The construction of an optimization model is one of the keys whether a centralized architecture or a layered architecture is adopted. In the process of model establishment, in addition to accurately describing various influencing factors of the system, the logic of model expression and the convenience of solution should also be considered. There are many structural forms of the hybrid energy system, and the operation strategy is also very flexible, especially in the case of the coupling of multiple energy flows, the system configuration optimization results have many possibilities. This brings great difficulties to the efficient construction of the model.
An efficient solution is to use a superstructure-based method (Tetsuya and Ryohei, 2014), where all possible or mainly possible structures are put into an overall structure, resulting in more structural forms than are required for the actual system. Then describe the characteristics of each device, the logic between each device, the relationship between each energy flow, etc., so as to construct models such as mixed integer nonlinear programming (Juan et al., 2016; Zheng et al., 2022) and mixed integer linear programming (Yun et al., 2015a). The advantage of this method is that it can make the logical description of the optimization model clearer and reduce the impact of meaningless structures. Based on this method, Yun et al. (2015b) establishes a mixed-integer linear programming model of the coupled system of distributed energy and energy distribution network and realizes the optimal annual total cost of the system. It should be noted that when the system is more complex, the scale of the superstructure should be properly defined (Philip et al., 2012). The size of the scale affects the optimization results and efficiency of the solution. When the scale is small, it is easier to solve, but the optimal value may have been excluded from the structure. When the scale is large, although the chance of obtaining the optimal solution is greater, it may also introduce many meaningless structures, making the model difficult to solve.
4.2 Performance evaluation indexes of RE-HES
The performance evaluation index of the hybrid energy system is the basis for constructing the configuration optimization objective function, which has a significant impact on the configuration optimization results. Among the existing index, the three most commonly used indexes are economic, energy and environment related indexes and their combination. In recent years, with the increase in the proportion of renewable energy in the system, it is important to improve the reliability and flexibility of the system, and the related performance evaluation index has therefore received more attention.
4.2.1 Economic, energy, and environment related indexes
4.2.1.1 Economic
In most configuration optimization studies, the influence of economic index is considered when constructing the objective function. For example, Askarzadeh (2013) established a configuration optimization model for photovoltaic, wind, and battery hybrid energy systems with the annual total cost as the optimization goal. Ryohei et al. (2015) optimizes the number of photovoltaic panels and wind turbines in the wind-solar hybrid system with the lowest cost as the optimization goal. Yi et al. (2022) takes the minimum annual cost as the optimization goal optimizes and optimizes the configuration of a solar-assisted natural gas distributed energy system (DES) with energy storage. In these literatures, it can be found that the economic evaluation of the system is basically carried out with the lowest total annual cost. This index mainly includes two parts, one is fixed cost, such as equipment investment cost. The other is variable cost, such as fuel cost. Since the fuel cost of photovoltaic, wind power and other renewable energy utilization devices is basically negligible (except for biomass), and the investment cost of the equipment has been decreasing in these years, the configuration optimization results of RE-HES based on economic index tend to increase the proportion of the renewable energy consumption.
4.2.1.2 Energy
Energy-related indexes can be divided into two categories, one based on the first law of thermodynamics and the other based on the second law of thermodynamics.
1) Based on the first law of thermodynamics
The performance evaluation index based on the first law of thermodynamics mainly considers how much energy is lost in the process of energy utilization. In order to solve the problem that the traditional system cycle thermal efficiency and other evaluation indexes are difficult to scientifically evaluate the performance of the hybrid energy system, Yawen et al. (2014) puts forward the relative efficiency evaluation index of solar complementary power generation, which provides a new idea for the integrated design and optimization of solar complementary power generation. Yixun et al. (2017) considers the multi-energy flow characteristics of the integrated energy system and the influence of renewable energy access, and proposes a comprehensive energy utilization index suitable for multi-energy collaborative remote energy efficiency evaluation, which reflects the utilization level of renewable energy and non-renewable energy in the park. Like energy efficiency, primary energy consumption is often used as a performance evaluation index for configuration optimization (Xiaomin et al., 2017). No matter which index form is adopted, the index based on the first law of thermodynamics fails to take into account the difference in energy quality, which may lead to insufficient improvement of the performance of the system.
2) Based on the second law of thermodynamics
Compared with the single-energy energy system, the energy conversion structure of RE-HES is more complicated and the energy form of RE-HES is more diversified, which means, not only the amount of energy but also the energy grade needs to be considered. Therefore, many scholars have conducted research based on the second law of thermodynamics. Baghernejad and Yaghoubi (2010) studies the integrated system of solar energy and gas-steam combined cycle with exergy analysis method and obtains the main exergy loss components of the research object. Another paper further established the exergy economic optimization model of this type of system (Baghernejad and Yaghoubi, 2011), and used genetic algorithm to optimize it, which reduced the power generation cost of steam turbine and gas turbine by 7.1% and 1.17%, respectively. Calderón et al. (2011), Sayem and Ibrahim (2014) both apply the exergy analysis method to the wind-solar hybrid power generation system. In addition to the necessary exergy analysis, the latter literature also conducts research from the perspective of energy and exergy economics to more fully demonstrate the performance of such systems. Integrating renewable energy with conventional coal-fired systems is a type of system that has received a lot of attention in recent years (Yinghong et al., 2008; Xuemin et al., 2015; Rongrong et al., 2016). For a more comprehensive analysis of the performance of the hybrid energy systems, (Suresh et al., 2010) even discusses the technical and economic feasibility of such systems from the perspective of 4E (Energy, Exergy, Environment, and Economy).
4.2.1.3 Environment
Environmental indexes have received great attention in recent years. Many studies have proved that the hybrid energy system has advantages in increasing the penetration rate of renewable energy and reducing carbon emissions in the social production process. Xue et al. (2017) proposes a comprehensive energy utilization index by adding the energy non-renewable coefficient to the evaluation index of the multi-park hybrid energy system, which can reflect the impact of renewable energy in primary energy, and through case calculation and comparative analysis, It verifies the consistency between the comprehensive energy utilization index and the economic index, and can improve the penetration rate of renewable energy in the hybrid energy system. In order to improve the renewable energy penetration rate of the system, in addition to directly establishing the optimization index considering the non-renewable coefficient of energy, many scholars try to add carbon trading mechanism to the hybrid energy system. Wei et al. (2016) proposed to introduce a carbon trading mechanism into the hybrid energy system of electricity-gas interconnection, taking the minimum sum of carbon trading cost and power generation energy cost as the objective function of the system, and combining the carbon trading mechanism with the collection of carbon taxes and other factors. Mechanisms were compared, and it was verified that the carbon trading mechanism can reduce the cost of power generation more effectively and has a good development prospect. Qu et al. (2018) verifies the feasibility of the carbon trading mechanism in the multi-regional hybrid energy system and establishes the optimization goal of the multi-regional hybrid energy system considering the carbon transaction cost. The results show that under the background of low coal prices in my country, the multi-regional hybrid energy system can make each regional energy system actively use low-emission technologies such as cogeneration and other clean energy through the carbon trading mechanism game. Wang et al. (2019b) further considers the impact of the combination of LCA energy chain and carbon trading mechanism on the optimization of the hybrid energy system, and solves the difficulty in calculating the total carbon emissions caused by the mutual conversion of various energy sources in the hybrid energy system. This ensures the effective operation of the carbon trading mechanism. In addition, studies have also considered the impact of carbon taxes (Wang et al., 2021) and renewable energy subsidies (Liu et al., 2021) on hybrid energy systems. Shebaz et al. (2021) conducts a study on the optimal configuration of solar and wind hybrid renewable energy systems with and without energy storage for environmental and social criteria.
4.2.2 Reliability and flexibility
System reliability and flexibility become important due to the presence of large amounts of renewable energy.
4.2.2.1 Reliability
In the practical application of the hybrid energy system, not only its environmental protection performance needs to be better than that of the traditional energy system, but also its reliability must be guaranteed. This is one of the keys to the large-scale commercial application of hybrid energy systems. By establishing the reliability evaluation index of the hybrid energy system to evaluate the reliability of each equipment, it is helpful to find the deficiencies of the system and improve them effectively (Li et al., 2021). Some studies do not consider the influence of randomness and quantify the influence of the failure of each device on the reliability of the hybrid energy system by establishing the fault correlation matrix of each device (Zhao et al., 2022). However, affected by the characteristics of renewable energy, the operating state of each device has a certain randomness. Therefore, some scholars have carried out reliability assessment based on probabilistic operating state modeling for hybrid energy systems. Usually, the Monte Carlo method is applied to reliability evaluation, and a new reliability evaluation index is proposed (Cao et al., 2022; Fang et al., 2022). Optimizing based on reliability alone may result in system redundancy. Therefore, the reliability index needs to be used together with other indexes such as economics. Yin et al. (2021) proposed a two-layer optimization method based on the reliability objective and the economic objective. The minimum outage capacity is converted into the minimum outage penalty cost, which is the reliability cost. The reliability cost and the economic cost are integrated to a new optimization target to realize the comprehensive optimization of the system reliability and economy.
4.2.2.2 Flexibility
Due to the stochastic of renewable energy, the hybrid energy system needs to have higher flexibility than the traditional energy system to ensure the energy supply and demand balance of the system. The higher the flexibility of a hybrid energy system, the greater its ability to utilize renewable energy (Liu et al., 2019). Wang et al. (2022a) combines the power grid with the hydrogen grid by adding electricity-to-hydrogen equipment in the hybrid energy system and improve the flexibility of the system, helping the grid to absorb the uncertainty of renewable energy generation, smoothing the output power of renewable energy. Cui et al. (2022) cited the flexibility index of air source heat pump with waste heat recovery considering dynamic characteristics in integrated energy system. Hao et al. (2022) further studies the impact of energy storage devices on the flexibility of the hybrid energy system. In addition to the influence of equipment characteristics in the hybrid energy system on the flexibility index, the variability of the load side also has an impact on the flexibility index of the hybrid energy system. Chen et al. (2021), Zhang et al. (2021) respectively study the flexibility of hybrid energy systems from the perspective of load elasticity and load excitation response. The former’s flexibility takes into account the maximum variation range of the load and is a definite value. The latter’s flexibility is based on the value obtained from the game of incentives and market transaction mechanisms.
4.2.3 Multiple indexes
The configuration and development of hybrid energy systems are affected by various factors such as technology, cost, and policy. Therefore, the performance index of the hybrid energy system usually adopts the index based on thermodynamics, economy, environmental protection and so on (Wang et al., 2022b). In Xinjie et al. (2021) research, the synthesis of three indicators of energy efficiency, cost rate and emissions are considered for a novel hybrid solid oxide fuel cell (SOFC)-solar hybrid CCHP residential system. Arnette and Zobel (2012) considers both greenhouse gas emissions and annual operating costs. The minimum outage capacity in Yin et al. (2021) is converted into the minimum outage penalty cost, which is a combination of reliability indexes and economic indexes. The low-carbon indexes in Wei et al. (2016) are also represented by carbon transaction costs, which are ultimately reflected in economic goals. Zhong et al. (2021) builds a model that includes six evaluation indexes: energy saving rate, energy loss, new energy proportion, new energy consumption rate, and operation and maintenance cost. The system can be more comprehensively evaluated and optimized through multiple indexes, but how to reasonably determine the weight of each index is still one of the basic challenges of current multi-objective configuration optimization.
4.3 Considering uncertainty and dynamic characteristics in optimization
The system characterization has a significant impact on the configuration optimization model and its optimization results. Most of the existing configuration optimization studies ignore the uncertainty and dynamic characteristics of the system when describing the system. For hybrid systems that do not contain renewable energy, this treatment may not have a noticeable effect on the results. However, for systems with renewable energy sources, ignoring uncertainties and dynamics may lead to large deviations in system configuration results. This section is mainly divided into two aspects: considering uncertainty and considering dynamic characteristics.
4.3.1 Considering uncertainty
For the treatment of uncertainty, the commonly methods used are stochastic optimization methods and robust optimization methods.
4.3.1.1 Stochastic optimization methods
The main idea of the stochastic optimization method can be summarized as: based on a large amount of historical data, typical scenes are obtained by clustering, then the probability of occurrence of each scene is calculated, and finally the mathematical expectation model is solved. Stochastic optimization is mainly based on the probability prediction information of uncertain variables. The uncertain variables usually obey a certain probability density distribution, such as the wind speed obeys the Weibull distribution (Villanueva et al., 2011), and the forecast errors of wind power and photovoltaic output obey the normal distribution (Lange, 2005, Abedi et al., 2011). Using stochastic optimization method, (Yi et al., 2022) established an optimization model for the hybrid energy system and the uncertainty of cooling, heating and power load and the stochastic of renewable energy are described by Monte Carlo simulation method. Amirhossein et al. (2017) established a two-stage stochastic programming model for hybrid energy system configuration based on typical scenarios obtained by Monte Carlo sampling and K-Means clustering.
4.3.1.2 Robust optimization methods
Unlike stochastic optimization methods, which have higher requirements on historical data, robust optimization methods have much lower requirements on it. The method only needs to determine a reasonable fluctuation range of random variables to ensure the feasibility of configuring results within this range (Cao et al., 2018, Zugno and Conejo, 2015). Robust optimization methods can be summarized as traditional robust optimization methods and distributed robust optimization methods.
1) Traditional robust optimization method
The traditional robust optimization method is mainly to find the worst scenario in the uncertainty interval and calculate the optimal solution in this scenario. According to this idea, (Chen et al., 2019) established a robust optimization model considering the uncertainty factors of load demand and used the Benders algorithm to solve it. The optimization results obtained in the worst case are very conservative. To reduce the conservativeness of the method, a two-stage robust model is proposed. Based on two-stage robust method, Zeng and Zhao (2013) proposes a column-and-constraint generation (C&CG) algorithm based on the Benders decomposition method. By continuously introducing optimal cut sets and feasible constraints in the loop, it can quickly solve two-stage robust optimization problems. To further improve the robustness, Yan et al. (2021) uses box uncertainty sets, ellipsoid uncertainty sets, and convex uncertainty sets to describe the distribution of uncertain factors and establishes a two-stage robust optimal configuration model.
2) Distribution robust optimization method
To achieve the balance of performance such as economy and conservatism, distributed robust optimization methods have been proposed and developed in recent years. The distribution-robust optimization (DRO) method is mainly to find the decision results under the worst probability distribution of uncertain parameters (Wang et al., 2018). It is mainly divided into two methods: probability density and distance information. DRO methods based on probability density mainly include three forms: multi-discrete scene (He et al., 2019), Wasserstein distance (Zhu et al., 2019) and KL divergence (Chen et al., 2018). DRO methods based on range information mainly include two forms: deterministic range (Chen et al., 2016) and indeterminate range (Alvarado et al., 2019; Lu et al., 2018a). The mathematical description of the DRO method based on distance information is more accurate, but the conversion and solution process are complicated. The DRO method based on probability density has the advantages of simple mathematical logic and easy solution, so it is currently used more in hybrid energy systems.
4.3.2 Considering dynamic characteristics
To cope with the uncertain influence of load demand and renewable energy output, the dynamic tracking performance of the system needs to be improved (Chen and Pan, 2021). Existing studies are mainly based on the steady-state characteristics of the system, and the improvement of system dynamic tracking performance by advanced control methods is limited (Blaud et al., 2020). Different device configurations result in different dynamic tracking performance, as shown in Figure 5. Therefore, ignoring the dynamic tracking performance in the capacity configuration may result in the inability of the hybrid energy system to track the load demand in time.
[image: Figure 5]FIGURE 5 | Layered architecture for RE-HES configuration optimization.
For scheduling optimization problems, some studies have considered the influence of dynamic characteristics, mainly the influence of thermal network and thermal inertia of buildings (Wei et al., 2017; Yang et al., 2020). However, the impact of considering dynamic properties in configuration optimization has only recently received attention. Existing studies have shown that the system exhibits more advantageous performance after adopting an optimized configuration that considers the dynamic characteristics (Yuxuan et al., 2022; Bingle and Xiao, 2022). With the increasing proportion of renewable energy in the system and the in-depth understanding of the dynamic characteristics of the hybrid energy system, considering the dynamic characteristics in the configuration and scheduling optimization are expected to bring more benefits to the system.
5 MODEL SOLUTION ALGORITHMS FOR RE-HES’S CONFIGURATION
The model solution algorithm plays an important role in the configuration optimization of the hybrid energy system. At present, a variety of solution algorithms have been developed, which can be mainly divided into two basic categories: classical optimization algorithms and intelligent optimization algorithms. There are also some studies using commercial solver to solve optimization models. Such Gurobi (Jiang et al., 2022) and CPLEX (Zhou et al., 2022), which are widely used due to their superior performance. Some other solvers such as MOSEK (Zhang et al., 2018), XPRESS (Andrychowicz and Olek, 2016), LINGO (Xu et al., 2020b), INTLINPROG (Ibrahimi et al., 2019) are also commonly found in the literature. However, the core algorithms of these solvers are also based on classical algorithms or intelligent algorithms or hybrid algorithms of classic and intelligent. This paper mainly focuses on these two basic algorithms.
5.1 Classical optimization algorithms
The configuration optimization problem of RE-HES is essentially a nonlinear programming problem. When considering the discrete characteristics of the problem, such as discontinuity of equipment size, start-stop logic of equipment, etc., the problem becomes a nonlinear mixed integer programming problem. In practical applications, for the convenience of solving, nonlinear programming (or mixed integer nonlinear programming) problems are often transformed into linear programming (Peng et al., 2016) [or mixed integer linear programming (Jiang et al., 2022; Mazaheri et al., 2021)] problems through simplification or linearization. When using traditional solving methods, different solving algorithms are used for different models. For example, sequential quadratic programming methods can be used to solve nonlinear programming problems (Ahmad, 2021; Lu et al., 2018b); branch and bound methods and cutting plane methods can be used to solve mixed integer programming problems (Yi et al., 2022), etc.
Different from the generality pursued by some intelligent methods, traditional methods are generally more targeted to the problem, and the algorithm can often be improved according to the characteristics of the problem (Ryohei et al., 2015). For example, Lahdelma and Hakonen (2003) establishes a linear programming model for the cogeneration problem and proposes an improved simplex method according to the characteristics of the model, which achieves good results. Then, a TCS algorithm suitable for solving the linear programming model of the trigeneration system is proposed Rong and Lahdelma (2005). The enumeration method may also be an effective method when the model complexity is low or the value range of the decision variable is small (Shaneb et al., 2012; Sanaye et al., 2008).
5.2 Intelligent optimization techniques
The rapid development of intelligent optimization techniques in recent years has been clearly reflected in the comprehensive optimization of hybrid energy systems. Various novel and hybrid algorithms are selected and proposed to solve complex integrated optimization problems of hybrid energy systems. Paliwal et al. (2014) applies particle swarm optimization (PSO) to the study of capacity allocation optimization of wind-solar-diesel-storage hybrid energy systems. Mei et al. (2022) uses a multi-objective particle swarm algorithm to optimize the regional hybrid energy system. Arabli et al. (2013) studies the integrated optimization problem of the heating ventilation system (HVAC) powered by wind-solar storage and uses the genetic algorithm (GA)-based two-point estimation method to optimize the model. Chen et al. (2020) established an exergy analysis model for the hybrid energy system using an adaptive genetic algorithm and verified the validity of the model for the Bali hybrid energy system model. There are also some other new algorithms that can also be used to solve the configuration optimization problem of hybrid energy systems, such as ant colony algorithm (Abdolvahhab and Ehsan, 2015), big bang–big crunch algorithm (Saeedeh and Shirzad, 2016) and bee swarm algorithm (Akbar and Alireza, 2014). Due to the limitations of a single algorithm, some studies use a combination of multiple algorithms to improve the optimization performance. Shilaja (2021) combines the chaotic particle swarm optimizer and the gravitational search algorithm to deal with the power flow calculation problem in the hybrid energy system. Askarzadeh (2013) combines chaos search (CS), harmony search (HS) and simulated annealing (SA), and proposes a new discrete chaotic harmony-based simulated annealing method (DCHSSA) to solve the configuration optimization model of hybrid energy systems.
At present, the effective combination of intelligent algorithms and configuration optimization models is still insufficient. This is a general problem that deserves attention. Compared with the traditional method, the intelligent method does have better generality, but the excessive pursuit of generality will inevitably lead to the difficulty of improving the algorithm in combination with the specific characteristics of the model. To solve this problem, in addition to improving the intelligent algorithm itself, it is also an effective method to combine the intelligent algorithm with the traditional method. How to find a balance between the generality and individuality of the algorithm and realize the fast and high-quality solution of the configuration optimization model is a topic worthy of continuous discussion.
6 CONCLUSION
The integration of RE-HES can be summarized into two structures, series and parallel, among which the parallel structure is the focus of attention at present. A lot of research has been carried out on performance evaluation, optimization model construction and optimization algorithm application under parallel structure. Based on the configuration optimization problem processing framework, existing optimization techniques can be divided into holistic frameworks and hierarchical frameworks. The performance evaluation index is the basis for the construction of the optimization objective function. In addition to common indexes such as economy, energy consumption, and environmental protection, related indexes such as reliability, flexibility and dynamic characteristics also received attention. The construction of the optimization model is closely related to the system and operational requirements. Due to the introduction of renewable energy, uncertainty and dynamic characteristics cannot be ignored in configuration optimization. Optimizing the dynamic characteristics of the system in the capacity allocation stage may effectively improve the system’s ability to cope with renewable energy and load uncertainty. But this also brings new challenges to the solution of the optimization model. According to the way to deal with these two problems, the existing literature can be divided into two architecture: centralized architecture and layered architecture. Based on these two architectures, a lot of work has been carried on model building and model solving, and technologies such as superstructure methods and intelligent algorithms have been effectively applied in RE-HES.
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