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Abstract

:

The introduction of renewable resources into the distributed energy system has challenged the operation optimization of the distributed energy system. Integration of new technologies and diversified characteristics on the demand side has exerted a great influence on the distributed energy system. In this paper, by way of literature review, first, the topological structure and the mathematical expression of the distributed energy system were summarized, and the trend of enrichment and diversification and the new characteristics of the system were evaluated. Then, the load forecasting technology was reviewed and analyzed from two aspects, fundamental research and application research. Research methods of the distributed energy system under the new trend of energies were discussed, and the boundaries of the broadened distributed energy technology were explored.
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1. Introduction


With the rapid development of the economy, global warming induced by the consumption of large amounts of fossil fuel has begun to threaten the ecological balance of the planet, which has caused every country all over the world to seek low-carbon energy systems. In September 2014, China published the National Plan on Climate Change, and proposed that in 2020, the non-fossil energy will account for 15% of the primary energy consumption [1]. In November 2014, the presidents of China and the U.S. issued a China-U.S. joint statement regarding the climate change, in which, the Chinese government promised that by around 2030 or earlier, CO2 emission would reach a peak value, nationwide CO2 emission per volume in 2030 would be reduced by 60–65% as compared to that in 2005, and non-fossil energies would account for 20% of the primary energy consumption [2].



Under the dual pressure of economic development and environmental protection, the cleaning and transforming of energy structure made the distributed energy system show some novel characteristics. First, the ratio of the renewable energy on the source side increases. The instability and discontinuity of renewable energy has a significant impact on the design and operation of distributed energy systems. Second, novel techniques such as electric power storage and thermal storage can be integrated on the supply side to a great extent. The utilization of these types of novel techniques enables the structure of distributed energy system on supply side to have certain differences from traditional combined cooling-heating-power (CCHP) systems. Third, the demand side would yield a certain level of diversification. Other than traditional demand for cooling, heating, and power, some parks and users may even have other demand elements, such as fresh water, carbon products, and clean air. In conclusion, the optimization and upgrade in some links related to the distributed energy system are urgently needed, such as design, application, and operation strategies, etc.



In addition, President Xi emphasized that China supports the discussion of the establishment of a global energy network at the United Nations Sustainable Development Summit in September of 2015 [3]. Besides, some novel network side concepts, such as Energy Internet, Pan Energy Net, active distribution networks, and micro-grid, have been widely concerned under the background of the construction of global energy internet. In accordance with a new energy trend, issues like how the distributed energy system would find a position in the study of the future energy internet, and how novel techniques would be associated with the research system of traditional distributed energy, have become new research topics.



In summary, the current challenges faced by distributed energy fields can be summarized as follows: first, the topological structure of the distributed energy system tends to enrichment and diversification. Meanwhile, with the introduction of renewable energy, the distributed energy system would face challenges in various aspects of design, application, and operation. For example, the power fluctuation of photovoltaic, wind power, and other renewable energy has a great impact to the distributed energy system; many load-forecasting techniques are applied to renewable energy power generation forecasting. Second, the novel techniques strengthening the interconnection of different energy resources have developed rapidly under the background of energy internet. The distributed energy system is becoming a subsystem of the energy internet, thus some new technological features from energy internet are adopted by new type distributed energy systems, e.g., how to achieve the interconnection between the distributed energy, intelligent control based on information, and achieve energy efficient exchange of the entire network, are becoming new topics of distributed energy system to replace tradition research focus on energy-efficiency.



Finding a way to cope with these challenges via technical approaches has become a research hotspot in related fields over the past few years. This paper proceeds with one of these hot topics, concerning the operation optimization of the distributed energy system. Afterwards, as a key technique in the operation and optimization of the distributed energy system, the research and application of load forecasting is reviewed. Further, the integration of the load forecasting technology into the operation optimization of the distributed energy system was used as a case study to review the research methods in the distributed energy system in response to new trends in the energy field. The boundaries of the broadened distributed energy technology are further explored. The idea of this paper is to analyze the changes in the topological structure of the distributed energy system (distributed energy system topological structure is the composition and the structure of the distributed energy system), and then get the mathematical expression. Such development in the topological of distributed energy system further activated the research on Load forecasting, not only on power, but also on heating and cooling. Based on such motivation, trends in load forecasting is analyzed and summarized, as is one of the key technologies of distributed energy system optimization.




2. Topological Structure and Mathematical Expressions of the Distributed Energy System


2.1. Topological Structure


The changes in the topological structure of the distributed energy system are shown in Figure 1. PGU represents Power Generation Unit, and WHR represents Waste Heat Recovery. The left side represents the traditional distributed energy systems, which output cooling, heating, and power through combined cooling-heating-and-power. Besides, the right side is the current distributed energy systems, which contains more elements, its first column is the source side, the second column is the energy supply system, and the third column is the demand side. This means that the supply side includes not only traditional energy such as natural gas, but also renewable energy such as biomass and solar energy. Moreover, other than cooling, heating, and power, the demand side also includes fresh water and carbon products. The intermediate energy supply system also transforms from a single engine to an integration of multiple techniques (energy storage). The topological structure represents the changes of composition and structure of distributed energy system, it is the basis for researching the key technologies of distributed energy system (DES) operation optimization. Table 1 summarizes the research concerning the topological structure of the distributed energy system in recent years. It is clear that most research refers to renewable energy, and this feature is similar with the typical structure mentioned in a previous work [4]. All of the research takes energy storage into consideration, including power and heating, which can be clearly found in the typical structure as described in another previous work [5]; a typical supply side should at least include two types of energy product, which is apparently different from the structure of the traditional cooling-heating-power (CCHP) distributed energy system. Thus, the topological structure of the distributed energy system is the key to the rich and diversified trend of elements in the distributed energy system. In addition, the basic configuration and element expression of the topological structure has become an auxiliary expression tool commonly used in the study of the novel distributed energy system.




2.2. Mathematical Expression


Matrix (1) describes energy balance in the traditional distributed energy system [12]. The left side of the equation describes the load side, and the right side describes the energy supply side.
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Here, L represents the building load, which includes building demands such as cooling, heating, and power, etc.; P represents the energy supply, which includes traditional energy resources and renewable energy resources; C is a performance parameter of the energy supply system, which is a matrix consisting of coefficients of the curves regarding the performance of each sub-system. With the development of distributed energy system (DES), there are more and more energy supply systems that transfer the energy from the source side to the demand side in DES, and different supply systems have different performance.



With the development of the distributed energy system, energy storage devices were developed, and matrix (2) describes the energy balance of the energy storage device in the distributed energy system.
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Here, M represents the energy output of the energy storage device; A represents the energy storage supply, which includes energy storage such as cooling, heating and power; and, S represents the performance parameter of the energy storage device, which is a matrix consisting of coefficients of curves regarding the performance of each sub-energy storage.



All links of the distributed energy system, including energy supply, transmission, and utilization, and can be expressed using matrix (3), the L’ is supplied by two parts, one is traditional energy resources and renewable energy resources, another one is energy storage device.


    L ′  =  (  C          S )  ⋅  (     P     A     )    



(3)







Therefore, as a common mathematical tool used in the research field of the distributed energy, the mathematical expressions of matrices directly reflects the numeralization of the new characteristics in the distributed energy system.





3. Load Forecasting


Based on the determination of the change in the core spirit of the distributed energy system, this paper proceeds with the load forecasting technology to discuss changes in the broadening of the technical border of the distributed energy system and succeeding research methods in aspects like the optimization of the process after the new technology is integrated.



3.1. Fundamental Research


3.1.1. Concept and Classification


Load forecasting is used to predict load data at a specific moment in the future based on various factors, such as the operation characteristics, capacity expansion decisions, natural conditions, and social influences of the system when a certain amount of precision is needed [13]. It is considered an effective supporting method that complements decision-making, which can be used to adjust the energy supply system based on the load by changing the operation strategy.



Load forecasting can be divided into long-term, medium-term, and short-term load forecasting according to the length of the forecasting duration. Long-term load forecasting typically refers to forecasts made 1 to 10 years in advance, which is often used as a basis for the determination of future energy demand and planning policies. The medium-term load forecasting often refers to forecasts made for a few weeks to a few months in advance, which is used to guide planning in the companies. Short-time load forecasting includes forecasts made for a few hours to a few days in advance, which can be used to supervise the operation and control of the distributed energy system [14]. Further, the forecast algorithm can be a linear regression algorithm, a timing sequence analysis algorithm, an exponential smoothing algorithm, or an artificial neural network algorithm, etc. Typical studies on the load forecasting in recent years are summarized in Table 2. With reference to review papers in a related research area published prior to 2015, it can be seen that the research in this field is expanding from pure electricity load forecasting towards the cooling and heating load forecasting [15,16]. More and more novel algorithms are established, and the research is transitioning towards the more challenging short-time forecast.




3.1.2. Research Methods


The matrix (4) describes the major content of the research in load forecasting, the left side of the equation shows the load at the moment t + 1, the F matrix in the right side of the equation is a matrix of coefficients, and Lt is the load at the moment t.
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Here, L represents the building load that includes the building demands of cooling, heating, power, etc.; F represents the parameters of load influencing factors, which is a matrix consisting of influencing factors such as outdoor weather conditions, number of personnel, and holidays. Current research such as artificial neural networks and support vector machines both find the law of change in the historical load, and combined with weather and other factors. This matrix is combined with Equation (3) to revise the load matrix in the left side of the equation. Thus, as shown in Equations (5) and (6), they describe the role of load forecasting in distributed energy systems, which minimize the difference between supply and demand. With the introduction of renewable energy resources, the intermittent and unstable nature of renewable energy generation has a significant impact on the distributed energy system, so as shown in Equations (5) and (6), with the reduction in the duration of the forecast, the matching may be fulfilled in a smaller time scale, which approaches the ideal condition of instant matching.
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In general, the research process of the application of load forecasting in distributed energy systems is often using the following steps: (1) data preparation, which includes data cleaning, data transformation, and data reduction; (2) data mining and modeling, which are performed by effectively supervising and studying the data, to establish the relationship between variables and the load; and, (3) error analysis, which through analyzing the error between the modeling forecast value and actual value, to establish the modification model and to improve precision of the model [29]. Afterward, the predicted error is determined based on the conditions of forecast and application, and an actual application is carried out after the conditions are satisfied. Otherwise, the process is modified from the step of data mining and modification, as shown in Figure 2.




3.1.3. Current Research Progress


In recent years, the application and study of the load forecasting in the field of distributed energy are quite active, which display significant interdisciplinary features. The constitution of the knowledge system of the application and studies is shown in Figure 3. This system comes primarily from three technical fields: study of data mining, model predictive control (MPC) in the control field, and the operation optimization field of machine group in building service systems, such as refrigeration and air conditioning. The area in which these three fields overlap enhances the rapid development of the load forecasting technique in the operation optimization of the distributed energy system.



Data mining is to a process by which useful knowledge can be extracted from a large amount of data, and the knowledge gleaned from data mining should be previously unknown and potential. The process of data mining is a complicated process which requires human-computer interaction, iterative adjustment, and progressive realization in order to discover high-quality knowledge [30]. It has been the most popular method of mining valuable information from historical data of power consumption of the building through data mining, analyze the operation conditions of the apparatus system of the building, and carry out load forecasting [31,32]. Machine learning is the core of artificial intelligence, which leads to the wide application in the field of artificial intelligence because it makes the computer intelligent. Machine learning such as artificial neural networks and support vector machine is often used for load forecasting [19,20], which can greatly improve the prediction accuracy.



The model predictive control (MPC) is an advanced control technique based on modeling [33], and the algorithm of the model predictive control primarily has three key parts: predictive model, rolling optimization, and online correction [34]. In particular, the model predictive control has relatively low requirements regarding the model structure. As long as it can input the current and historical information of the object being controlled and output predictive information of the output object in a future duration, the predictive model can be used as the desired predictive model for the algorithm of model predictive control. A model predictive control (MPC) based coordinated operation framework for a grid-connected residential micro-grid with considering forecast errors is presented [35]. This residential micro-grid composes renewable energy (e.g., wind and solar) distributed generators (e.g., CHP), energy storages (e.g., battery bank and water tank), electrical vehicle, and smart loads (e.g., HVAC and washing machine). Simulation results show that the method is economic and flexible.



Buildings account for about a third of total energy consumption in global energy consumption, which comprises of residential and commercial buildings [36]. Besides, energy consumption of air conditioning accounts for a large part of the total energy consumption of buildings, reducing would play a decisive role in building energy efficiency [37]. Meanwhile, the central air conditioning system is often operated at a low load [38], so it has a certain guiding significance for optimization operation and power conservation of the buildings by virtue of the load forecasting. Macarthur et al. [39] proposed a prediction method for the air conditioning load of an ice storage system using a recursive autoregressive moving average model with external inputs, and achieve good results by optimizing controllers based on the prediction results.




3.1.4. Development Trend


In recent years, the development of the load forecasting technology in the field of optimization operation in distributed energy system has shown three new trends: 1. the operation of such systems has been shown to be closely related to both climate and human activity, so hybrid forecasts based on climate and human behavior is a developing trend that may become more pronounced in the future; 2. unlike in physical models (which is based on the basic principle of heat transfer, it is used to describe the load characteristic of building. Unlike to load forecasting on power, research methodology relies more on a physical model, rather than data-driven model, It is one of the trends that is expected to develop in the future to improve the coverage of spatial dimensions by the load forecasting, and reduce the time dimension via data driving and the cloud technology, which often performs forecasting by studying a large amount of the monitoring data, carrying out iterative calculations for multiple times, and establishing the mathematical model; 3. the forecast is not only specific to the traditional load, but also covers gas load, electric vehicle charging load, renewable energy generation systems such as photovoltaic and wind power, and pollutant emission, which realizes the comprehensive forecast and operation of the multi-energy system. Renewable energy generation and load forecasting have something different, the cooling, heating, and power load of building has a certain regularity, but the regularity of renewable energy power generation such as photovoltaic and wind power is not strong, so renewable energy generation forecasting is more difficult than load forecasting.



Based on these three factors, scholars from the Massachusetts Institute of Technology proposed the concept of an energy box [40], which was used in the distributed energy system with the individual household as the unit. Further, this system included household appliances such as air conditioners, TVs, and dishwashers as well as roof ventilators, photovoltaic panels, electricity supplies, and batteries. Moreover, the energy box helped the system reach a supply-demand equilibrium by power generation forecasting of renewable energy in the system, such as wind power and photovoltaic energy. Besides, the energy box also takes into consideration the fluctuation of electricity prices and human preferences, to optimize the operation of the system and achieve the goal of improving economic efficiency and human comfort. In this way, forecasting the power generation of renewable energy would become a key point in future research, and its precise forecasting of power generation may solve issues regarding instability and discontinuity of renewable energy effectively. Thus, the combination of load forecasting and power generation forecasting of the renewable energy may lead to the enriched and diversified distributed energy systems.





3.2. Application Research


3.2.1. Current Conditions


In the real-world electrical infrastructure, actual system operators already have utilized load forecasting technology. However, application field of load forecasting is limited, only in large-scale energy systems. Currently, application research into the load forecasting in the distributed energy system is subject to factors such as the high cost of regulation and control, and thus is still in its initial stage. Existing representative findings are shown in Table 3, while most research remains in stage I, as shown in Figure 2, and few studies reach stage II.



Nikolaos et al. proposed an algorithm that aims to provide more heat energy to the difficult consumers when they need it the most [41]. The required input information are the short term weather forecast, and the supply hot water temperature propagation delays of the district heating grid as a function of the grid load level and consumption profiles. The methodology has been applied in a simplified case study of a 120 MW district heating grid. The results showed that when compared to simple reactive and constant temperature control strategies, the performance of the grid in terms of minimum pressure difference at the consumers over a year was significantly better using the proposed proactive algorithm within a specific supply water temperature range. Chen et al. proposed an active control strategy of the micro-grid energy storage system based on short-term load forecast [42], when performing short-time forecast of the load in the micro-grid, this strategy would actively control the charging and discharging of the storage system, optimize the load curve of the micro-grid, and realize peak load shifting by considering capacity, charging-discharging characteristics, and limitations in the charging-discharging numbers of the batteries. Thus, the stable operation of the distributed power source can be ensured, and the electric energy quality of the micro-grid can be improved.




3.2.2. Existing Cases


The project of No. 2 energy station in Sino-Singapore Tianjin Eco-city is a typical case in that the optimization scheduling of the operation was carried out based on the load forecasting results. It primarily pre-determined the load using weather forecast data, and the load forecasting model is shown in Figure 4. Based on data such as the historical load, environmental temperature, weather conditions, and type of day, the load predictive model was established to obtain the load values in the future 24 h. Moreover, the distributed energy system is shown in Figure 5, which consists of combined cooling-heating-and-power (CCHP), ground source heat pump machine group, electric chillers, and energy storage device. The load values in the future 24 h were entered into the operation platform in the energy station based on weather forecasts. Further, the platform controlled and adjusted related machine group according to the results of load forecasting to achieve optimize operation of the system. The successful demonstration of the related research results proves the feasibility of the application of load forecasting technology in the distributed energy system.




3.2.3. Development Trend


When it comes to practice application, future work on load forecasting may focus on the following factors. First, the short-time and high-precision technical solutions would be developed based on weather data, and extend its application scope to the community or city level. Second, the development of products combines the energy storage and the distributed energy to produce a set of products that integrates the operation optimization strategy. Third, the government may guide the development and establishment of the energy system scheduling platform, by means of several methods including load and energy supply forecast, system simulation, optimization analysis, and exemplary application, and even establish an interconnection center based on specific cities.






4. Conclusions


The topological structure of the distributed energy system has changed considerably, and with the introduction of the renewable energy resources, distributed energy systems are in urgent need of updating in the aspects of design, application, and operation strategy. This paper concludes and analyzes the load forecast in the key technique of the operation optimization of the distributed energy system from two aspects regarding the fundamental research and application research, and the following conclusions are obtained:




	(1)

	
The load forecasting can be used to adjust the supply of the energy system, and the load can be precisely adjusted by changing the operation strategy. However, current studies on the load forecasting mostly remain at the theoretical stage and lack of experimental research, which indicates that there is still a relatively long way to go before the large-scale utilization of the load forecasting technique is achieved. By integrating big data and the cloud storage technology, not only the traditional cooling-heating-and-power load can be predicted, but comprehensive forecasting of multi-energy systems such as the gas load and electric vehicle charging and discharging load can also be realized. Further, by combining the power generation forecast of the renewable energy resources with the big data and the cloud storage technology, the renewable energies may be utilized to their full extent.




	(2)

	
Most research regarding the load forecasting remains in the stage of algorithm optimization and precision improvement, and there is much more work to do in order to apply the predictive model in actual systems. For this reason, future work should focus on the development of technical solutions and products. The government may guide and initiate their use to increase the impact of load forecasting, thus the distributed energy system can be better developed.
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Figure 1. Evolution of distributed energy system topological structure. 
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Figure 2. Flow chart of load forecasting. 
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Figure 3. Load forecasting in cross disciplines. 
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Figure 4. Model for the load forecasting. 
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Figure 5. The system structure diagram of the No. 2 energy station in Sino-Singapore Tianjin Eco-city. 
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Table 1. Research status of distributed energy system structure.
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Year

	
Authors

	
Source Side

	
Supply Side

	
Demand Side

	
Spatial Scale




	
Gas

	
PV

	
Electrical Grid

	
CHP

	
Electrical Storage

	
Heat Storage

	
Cooling

	
Heating

	
Power

	
Community

	
Family House






	
2016

	
Molin et al. [4]

	

	
√

	
√

	

	
√

	

	

	

	
√

	
√

	




	
2016

	
Vaisanen et al. [6]

	

	
√

	
√

	
√

	
√

	

	

	
√

	
√

	
√

	




	
2015

	
Guarino et al. [7]

	

	
√

	
√

	

	
√

	

	

	

	
√

	

	
√




	
2015

	
Hirvonen et al. [8]

	

	
√

	
√

	

	
√

	

	

	

	
√

	

	
√




	
2015

	
Alahäivälä et al. [9]

	
√

	

	
√

	
√

	
√

	
√

	

	
√

	
√

	

	
√




	
2014

	
Cao et al. [5]

	
√

	

	
√

	
√

	
√

	
√

	

	
√

	
√

	

	
√




	
2014

	
Cao et al. [10]

	

	
√

	
√

	

	
√

	

	

	

	
√

	

	
√




	
2014

	
Mohamed et al. [11]

	
√

	
√

	
√

	
√

	
√

	
√

	

	
√

	
√

	

	
√
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Table 2. Summary on load forecast research from exiting publications.
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	Year
	Author
	Prediction Model
	Load Type
	Time Scale





	2017
	Bianchi et al. [17]
	Echo State Networks and PCA Decomposition
	electricity
	10 min



	2016
	Gupta et al. [18]
	wavelet neural network
	electricity
	hour



	2016
	Idowu et al. [19]
	support vector machine
	heating
	hour



	2016
	Deb et al. [20]
	artificial neural network
	cooling
	day



	2015
	Chitsaz et al. [21]
	Self-Recurrent Wavelet Neural Network
	electricity
	hour



	2015
	Protic et al. [22]
	SVM-WAVELET
	heating
	hour



	2015
	Abdoos et al. [23]
	support vector machine
	electricity
	hour



	2015
	Bianchi et al. [24]
	Recurrent Neural Networks
	electricity
	hour



	2014
	Chou et al. [25]
	SVM-ANN
	cooling and heating
	hour



	2014
	Rodrigues et al. [26]
	artificial neural network
	electricity
	hour



	2013
	Bacher et al. [27]
	time-series
	heating
	hour



	2012
	Ilić et al. [28]
	artificial neural network
	electricity
	hour
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Table 3. Current situation of research and application of load forecasting.
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Year

	
Authors

	
Accuracy (MAPE)

	
Load Type

	
Purpose

	
Stage




	
I

	
II






	
2016

	
Li et al. [43]

	
3.43%

	
electricity

	
save electricity

	
√

	




	
2016

	
Fang et al. [44]

	
8.40%

	
heating

	
energy conservation

	
√

	




	
2016

	
Nikolaos et al. [41]

	
—

	
heating

	
energy conservation

	

	
√




	
2015

	
Lee et al. [45]

	
2.61%

	
electricity

	
save electricity

	
√

	




	
2015

	
A. Lahouar et al. [46]

	
2.30%

	
electricity

	
save electricity

	
√

	




	
2015

	
Lou et al. [47]

	
4.56%

	
electricity

	
save electricity

	
√

	




	
2014

	
A. Vaghefi et al. [48]

	
3.10%

	
electricity and cooling

	
save electricity

	
√

	




	
2015

	
Qiao et al. [49]

	
2.59%

	
gas

	
energy conservation

	
√

	




	
2014

	
Amini et al. [50]

	
1.44%

	
electric vehicle

	
Reduce the pressure of the grid

	
√

	




	
2011

	
Chen et al. [42]

	
—

	
electricity

	
improve power quality of micro-grid

	

	
√
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