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Abstract


Highlights


What are the main findings?




	
Efficient Power Distribution: The Hybrid Controller ensures a balanced power distribution between the two ESSs based on their State of Charge (SoC).



	
Prioritization of Renewable Energy: The system prioritizes PV energy, maximizing the use of renewable sources and reducing grid reliance.



	
Improved System Performance: Simulations using real-world datasets demonstrate improved energy efficiency, reduced grid load, and enhanced self-consumption of renewable energy.



	
Validation Across Scenarios: The controller is validated through simulations across 24 scenarios, showcasing its adaptability to varying conditions.








What are the main findings?




	
Enhancing Lithium Battery Longevity: The Hybrid Controller significantly increases the lifespan of a lithium battery by optimizing its usage, reducing charge-discharge cycles, and minimizing stress on the battery during peak loads.



	
Environmental Impact: By prioritizing renewable energy and minimizing grid dependency, the system reduces the carbon footprint of EVCSs, supporting global decarbonization goals.



	
Cost Reduction: Optimizing the use of renewable energy and efficient energy storage minimizes operational costs for EVCSs.



	
Scalability and Adaptability: The Hybrid Controller can adapt to various locations and configurations, making it a scalable solution for future charging infrastructures.









Abstract


The applicability of Hybrid Energy Storage Systems (HESSs) has been shown in multiple application fields, such as Charging Stations (CSs), grid services, and microgrids. HESSs consist of an integration of two or more single Energy Storage Systems (ESSs) to combine the benefits of each ESS and improve the overall system performance. In this work, we propose a novel power management controller called the Hybrid Controller for the efficient HESS’s charging and discharging, considering the State of Charge (SoC) of the HESS and the dynamic supply and load. The Hybrid Controller optimises the use of the HESS, i.e., minimises the amount of energy drawn from and discharged to the grid, thus utilising and prioritising the provided Photovoltaic (PV) power. The performance of our proposal was assessed via simulation using various evaluation metrics, i.e., Autarky, charge/discharge cycle, and Self-Consumption (SC), where we defined 24 scenarios in different locations in Germany.
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1. Introduction


Climate change and global warming are undeniably the most significant challenges of the 21st century. Drastic changes are occurring around the globe, including unprecedented droughts, severe storms, and rising sea levels [1]. These changes result from increasing Green House Gas (GHG) emissions, mainly due to human activities such as deforestation and burning fossil fuels to generate energy. Fossil fuels remain the primary source of our energy needs and account for the largest share of emissions. Therefore, reducing our reliance on fossil fuels is crucial to saving the planet.



Meanwhile, our energy needs are increasing due to population growth, industrialisation, and automation. This makes the transition from fossil fuel to Renewable Energy (RE) (i.e., sunlight, wind, water, etc.) key to addressing the climate crisis.



RE is clean energy generated from renewable sources that are naturally replenished. Seen as clean, sustainable, and environmentally friendly energy, countries want to increase their share of renewable usage to bolster their decarbonisation efforts and achieve GHG neutrality.



One of the major contributors to GHG emissions comes from the transportation sector and, more specifically, from road vehicles (i.e., cars, trucks, and buses), which alone represent roughly 25 percent of the total GHG generated in Europe [2]. Most vehicles on our streets use combustion engines, burning fuels to power the machine and emitting greenhouse gases. Electric vehicles (EVs) have emerged to eliminate tailpipe transport emissions. They are becoming increasingly popular worldwide. One reason is their lower harmful emissions to nature, as RE sources can power them.



The growing number of EVs increases the need to expand charging infrastructure. Therefore, developing a resilient and far-reaching charging network is necessary to drive growth in EV adoption and further decrease greenhouse emissions. The solution for efficient EV charging stations lies in the integration of an ESS, such as batteries and supercapacitors, to mitigate peak demand, ensure quick and convenient charging, and enhance grid resilience. Recently, significant use has been made of a HESS, which consists of one or more types of ESS to benefit from their complementary features and outperform any single ESS [3,4]. A HESS is considered a strong alternative to ensure the desired performance of EV charging stations.



The integration of a HESS within CS has significant impacts on the electric mobility sector, enhancing its efficiency, reliability, and sustainability. A HESS can mitigate peak demand on the grid by storing energy during off-peak hours and supplying it during high-demand periods. This reduces the strain on the grid caused by the simultaneous charging of multiple EVs. The combination of fast-response storage and high-energy storage ensures smoother power delivery and supports ultra-fast charging, reducing wait times for EV users. From another angle, a HESS enables charging stations to reduce electricity costs by avoiding demand charges and leveraging time-of-use tariffs. Integration with RE sources allows storage of excess renewable energy, further reducing operational costs. By improving the efficiency and reliability of charging infrastructure while reducing costs and environmental impacts (e.g., reducing carbon emissions associated with energy generation), a HESS plays a critical role in accelerating the growth of the electric mobility sector.



One critical challenge of a HESS is managing the power distribution between the ESSs that make it up. This issue was rarely analysed in the literature, and early studies and current work were limited to prioritising the use of a single ESS when it is available, whether for charging or discharging [3]. In [5] an adaptive fuzzy logic controller that improves the utilisation of multiple ESSs in a HESS is developed. This work aims to manage the power-sharing in a microgrid by considering overall power demand, the SoC of the controlled ESSs, as well as the average SoC of all ESSs. The proposed approach improved the utilisation of energy in ESSs and the battery lifespan by reducing the number of charge–discharge cycles. The developed approach used simulated data and a few evaluation metrics. In [6] a control strategy for a HESS consisting of a supercapacitor and a redox flow battery for a grid-integrated PV system is proposed. The control strategy combines a fractional-order tilt integral–derivative filter controller with an improved sparrow search algorithm and an anti-windup mixed-order generalised integrator to improve power stability and dynamic response and reduce the stress on the redox flow battery. The paper focuses on the transitions of power between day and night. While these previous works provide valuable insights, it is important to acknowledge certain limitations. For instance, the implemented HESSs consist of multiple ESSs but lack the incorporation of the latest ESS technologies, limiting their applicability to modern systems [5,6]. Furthermore, prior research primarily developed basic power management algorithms and addressed a narrow range of test scenarios, reducing their effectiveness in handling more complex, real-world challenges. Additionally, these studies relied exclusively on simulated data. They focused on specific evaluation metrics, such as SoC and battery ageing, while neglecting other critical performance indicators, leaving key aspects of system evaluation unexplored [5,6].



To address these gaps, this study proposes a novel Hybrid Controller for managing power distribution within a HESS, specifically in the context of Electric Vehicle Charging Stations (EVCSs). This controller optimises power flow between two ESS technologies, prioritises renewable energy sources like Photovoltaic (PV) power, and minimises dependency on grid energy. By validating our approach through simulations across multiple scenarios, we aim to demonstrate the advantages of this method in terms of energy efficiency, grid stability, and self-consumption.



The main achievements, including contributions to the field, can be summarised as follows:




	
Power flow management: develop and implement advanced algorithms and control strategies, called Hybrid Controller, to effectively manage the power flow between the Redox Flow Battery (RFB) and the Lithium-ion (Li-ion) battery based on the SoC of each one. These algorithms ensure efficient power consumption and storage, improving overall system stability and reliability.



	
Optimal use of the HESS: the implemented Hybrid Controller maximises the use of the HESS while minimising the amount of power drawn from and discharged to the grid.



	
Maximising the utilisation of PV power: our proposal prioritises the generated renewable energy sources, more specifically PV power, to enhance the charging station’s capacity to harness clean energy, further reducing its carbon footprint and dependence on conventional energy sources.



	
System validation: our Hybrid Controller was validated using multiple evaluation metrics and through several simulation scenarios based on real datasets, i.e., a PV power dataset and a load profile dataset.








The remainder of this paper is organised into five sections: Section 2 introduces the system modelling. A detailed description of the adopted HESS is presented, starting with a brief outline of the main system components (i.e., the energy sources and the HESS). Section 3 deals with the structure of the proposed Hybrid Controller. It begins by introducing its key principle. Afterwards, the distribution of power between the two batteries is shown, and finally, the control strategy of the Hybrid Controller is highlighted. Section 4 is devoted to the simulation. Starting with a description of the used simulator, the general system configuration, and the different adopted datasets, the various implemented scenarios are discussed. In Section 5, an analysis of the simulation results based on several evaluation metrics is carried out. Finally, Section 6 concludes the paper.




2. System Modelling


2.1. System Architecture


The core component of the implemented system is the HESS, consisting of two batteries, i.e., the lithium battery and the RFB. To operate correctly, three additional components are needed: the grid, the variable load, and the PV power, as illustrated in Figure 1. These components are monitored and, in part, controlled by an Energy Management System (EMS), which consists of many different components handling tasks ranging from executing the cyclic tasks of other components to Database Connectivity. The EMS operates on “cycles” of length one second. With each new cycle, the values of the power operating points of the grid, the load, the PV power, and the HESS are updated. In addition, the stored energy of the HESS is calculated. The sign of the power operating point of each component denotes whether they supply power to (positive sign) or draw power from (negative sign) the system. For example, if the HESS has a negative power operating point, it is charging by drawing power from the system. The PV power, on the other hand, is restricted to positive operating points, as it only supplies power to the other system components.



2.1.1. Grid


The grid acts as an infinite source and sink of power for the system. Nevertheless, there is a power limit set for the operation of the HESS that should not be surpassed. This should reflect contractual obligations to stay below a certain average power drawn from or discharged to the grid. The grid can supply power and draw it from the system. Its main goal is to resolve a mismatch in supply and demand that cannot be balanced by using the other components. To accomplish this task, its operating point is set reactively. Once the other components set their operating points, the grid sets its operating point to supply the power necessary to balance any mismatch between demand and supply.




2.1.2. The Variable Load and the PV Power


The variable load can only consume power, whereas the PV power can supply power to the other system components. Both set their power operating points based on a predefined data source. Therefore, the power values of the variable load and the PV power are predetermined at run time. They change throughout the simulation, but only based on their data sources and not in response to other components. In each cycle, a new power value is set according to the underlying data source.





2.2. HESS


A HESS is made up of two or more different ESS with complementary features. This is done to take advantage of the positive aspects of each ESS technology while overcoming its limitations [3]. Our HESS is composed of an RFB and a Li-ion battery:




	
RFB is composed of an electrochemical cell where chemical energy is provided by two chemical components dissolved in liquids contained within the system and separated by a membrane. As its name suggests, its energy conversion is based on redox reactions [3,7]. Ion transfer inside the cell occurs through the membrane while both liquids circulate in their own respective space, resulting in electrical energy. RFB has become one of the most promising and prominent options for large-scale energy storage systems. Some relevant applications include load balancing, energy backup in renewable energy installations, standalone power systems, and uninterruptible power supply (UPS) in case of failure of the main power source [3,7]. The ability to decouple power and energy is one of RFBs’ main characteristics. Other important advantages include their safety, flexible design, long life, cost-effectiveness, and low maintenance costs [3].



	
Li-ion batteries are a family of rechargeable battery types in which lithium ions move from the negative electrode to the positive electrode during discharge and back when charging [3,8]. Li-ion batteries hold multiple advantages compared with other rechargeable batteries. They are known for their high energy density, lower self-discharge rate, and higher number of charge and discharge cycles. They also operate at a higher voltage than other rechargeable batteries. In contrast, Li-ion batteries are costly. They are also prone to ageing and bursting. They are widely used in consumer electronics, portable devices, and electric vehicles. They are also deployed in large-scale energy storage solutions, such as households and EV charging stations [9].








The operating point of the two batteries is set by the EMS. Each battery is modelled using the attributes displayed in Table 1. The first four elements are recalculated and updated every cycle, while the last twelve attributes have to be set as parameters of the configuration. The Battery Storage System (BSS) model derived from these parameters and attributes is depicted in Figure 2.



At the beginning of each cycle, the upper and lower power limits of each battery are determined using Equations (1) and (2):


     u p p e  r  l i m i t       = max   P c  + R R ,  P ¯       



(1)






     l o w e  r  l i m i t       = min   P c  − R R ,  P ̲       



(2)







If the response time has not yet elapsed, both limits will be set to zero, thus disabling the battery for this cycle. The response time starts to count down once power has been requested. After the battery has a power output of zero for the duration specified by Inactivity Time, the response time has to elapse again before the battery can either charge or discharge. This modelling accounts for an inactive state of the battery and a delay necessary to leave this state. If the modelled battery does not have these characteristics, the duration can be set to zero.



The power operating point of the battery is set by the EMS at the end of each cycle. After the power has been assigned, the resulting SoC of the battery is calculated. The usable capacity of the battery is defined by the maximum SoC and the minimum SoC. Once the battery has been charged or discharged to these limits, it can no longer charge or discharge. Based on its SoC, a battery can have three different states: RED, ORANGE, and GREEN. On the basis of these states, we define the following parameters:




	
Lower bound RED–ORANGE: SoC bound, denoting the state transition from ORANGE to RED



	
Upper bound RED–ORANGE: SoC bound, denoting the state transition from RED to ORANGE



	
Lower bound ORANGE–GREEN: SoC bound, denoting the state transition from GREEN to ORANGE



	
Upper bound ORANGE–GREEN: SoC bound, denoting the state transition from ORANGE to GREEN








The different states do not directly influence the behaviour of the battery but rather serve as a control signal for the Hybrid Controller. In Figure 3, the state machine determining the battery’s state is displayed. Each transition, e.g., RED to ORANGE, has an upper and a lower bound. When the SoC falls below the lower bound, the battery transitions to the lower state. Likewise, if the SoC is increased above the upper bound, the battery transitions to the higher state. For the example given in Figure 3 the boundaries for the RED–ORANGE transition are 15% and 20%; for the ORANGE–GREEN transition, they are 50% and 55%. While this state machine can transition directly from RED to GREEN and vice versa, it is unlikely to happen in reality as the battery would have to charge or discharge large amounts of energy in a very short duration. These transitions are included for completeness. This separation of the bound between the two states into a lower and upper bound is necessary to avoid the battery oscillating between the two states. If a battery enters a new state, the lower and upper bounds ensure a certain delay before the battery exits the state again. This delay does not exist for the case that the lower bound and the upper bound are equal.



Furthermore, a derating of the power has been implemented based on the SoC of the battery. Based on the battery’s SoC the maximum discharge or charge power is reduced. The used values are displayed in Table 2. The resulting behaviour of the battery executed each cycle is displayed in Figure 4.



Based on their technical specifications, each of the two BSSs constituting the HESS gets a role assigned. These two roles are referred to as main and support.



	
The main BSS is assumed to be able to store a large amount of energy but has a lower rated power and slower ramp rate. Its main task is to supply power to meet long-term and relatively constant loads, referred to as base loads. In our case, the main battery is the RFB.



	
The support BSS is characterised by a high-rated power and fast ramp rate. Therefore, its task is to cover short-term changes in the load, e.g., supplying power, while the main is ramping up to its set operating point. Moreover, it will provide power to meet the base load when it cannot be met by the main alone. In our HESS, the support battery is the lithium one.






The goal of aggregating these two BSSs with different properties into a single HESS is to mask the weaknesses of every single BSS. For example, utilising the large energy capacity of the main, while not being limited by its lower rated power or slower ramp rate.



The technical differences of the respective BSS are the result of the different technologies used.





3. Proposed Hybrid Controller


The main objective of our proposed Hybrid Controller is to maximise the use of the HESS, i.e., minimise the amount of energy drawn from and discharged to the grid. This has to be achieved under the system’s overall goal to balance supply and demand. Additionally, the Hybrid Controller should prioritise the use of the PV power and must ensure that the power drawn from or discharged to the grid does not exceed the power limit of the grid (   P ¯   g r i d   ). To achieve this goal, the Hybrid Controller can modulate the power operating point of the two BSSs, main and support (cf. Section 2.2). To determine the operating points of both BSSs, the Hybrid Controller executes two tasks:




	
The first task consists of calculating the total power that the HESS should discharge or charge at each time step.



	
The second task consists of determining the distribution of this power, i.e., which BSS receives or provides which part of the power.








Both tasks depend on the SoC of the BSS. Here, the Hybrid Controller utilises the state of the BSSs (cf. Figure 3) as a control signal. Depending on whether a BSS is in RED, ORANGE, or GREEN, the Hybrid Controller adjusts part of its control strategy.



Based on the SoC, the controller has two operating modes:




	
The first is the Normal Operation Mode, i.e., both BSSs are above the RED area of their SoC, and a set minimum amount of energy is stored across the two batteries.



	
The second is the Energy Deficiency Mode, i.e., at least one BSS is in the RED area or the currently stored energy   E  s t    is less than the set minimum amount of energy   E  r e q   .








3.1. Calculation of Total Power


While in the Normal Operation Mode, the Hybrid Controller measures the current load (  P  l o a d   ) and the power generated from the PVs (  P  p v   ) and either supplements additional power from the HESS (i.e., load exceeds generation) or charges the batteries with unused generation (i.e., generation exceeds load). The power assigned to the HESS (  P  H E S S   ) is described in Equation (3):


      P  H E S S   =  P  l o a d   −  P  p v       



(3)







The sign of   P  H E S S    denotes whether the HESS charges (negative sign) or discharges (positive sign) while, in the Normal Operation Mode, the HESS will only charge with surplus power provided by the PVs. If the load cannot be met by the power generated from the PVs and the HESS, the grid will be utilised as well.



In contrast, when the Hybrid Controller is in the Energy Deficiency Mode, it will also utilise the grid power, even if the load could be met. To this end, Equation (3) gets adapted to (4) for the Energy Deficiency Mode.


      P  H E S S   =  P  l o a d   −  P  p v   −   P ¯   g r i d       



(4)







The first task, i.e., calculating the total power the HESS should charge or discharge, is completed by solving the equations (3) and (4) depending on the current operating mode.




3.2. Distribution of Power


The total power charged or discharged by the HESS has to be split across the two batteries. This split depends on the role of the BSS (main or support) and its current SoC. The percentages of the total power charged or discharged by each BSS are presented in the ChargeTable (cf. Table 3) and DischargeTable (cf. Table 4). The goal of these tables is to ensure that the SoCs of the two single BSSs are roughly at the same level. This should avoid one BSS being fully charged, while the other has little or no energy stored.



3.2.1. ChargeTable


The ChargeTable is designed to be symmetrical, which ensures the distribution of the available power is equal when the BSSs are in the same SoC area combinations. For instance, in the scenario where the combination is ORANGE–RED, the support BSS gets 70% and the main BSS gets 30% of the available power. This is reversed in the RED–ORANGE combination. By this approach, the BSS in the lower SoC area is generally given priority during charging. Therefore, its SoC should reach higher levels faster.



The roles of the main BSS and the support BSS come into play in combination ORANGE–ORANGE. Although both BSSs are in the same SoC area, the main BSS is given a higher percentage of the charge power because it is also expected to provide a higher percentage of the discharge power.




3.2.2. DischargeTable


The DischargeTable also follows similar principles. Generally, the higher SoC area BSS supplies the higher percentage of the required power. However, in the combinations ORANGE–ORANGE and GREEN–GREEN, the main BSS has to supply a higher percentage of the discharge power. The percentage assigned to the main BSS for both ChargeTable and DischargeTable is referred to as  ρ .




3.2.3. Example


To illustrate the functionality of the Hybrid Controller, consider a scenario where the two batteries are at different charge levels:




	
Initial state: The main BSS has a SoC of 45% (ORANGE zone), whereas the support BSS holds a SoC of 70% (GREEN zone). The current load demand is 100 kW, while the available PV power is 50 kW.



	
Controller action: As the system aims to minimise grid dependency and the demand can be met with the PVs and HESS, no power from the grid is used. According to the DischargeTable, when main is in the ORANGE and support is in the GREEN zone, the main battery supplies 30% and the support 70% of the required power. Therefore, the Hybrid Controller calculates the distribution as follows:


     P HESS     = 100  kW − 50  kW − 0  kW = 50  kW       P main     = 0.3 · 50  kW = 15  kW       P support     = 0.7 · 50  kW = 35  kW     











	
Outcome: The total load demand of 100 kW is met using 50 kW from PVs and 50 kW from the HESS, of which 15 kW are supplied by the main and 35 kW by the support BSS. Grid usage is avoided.









3.2.4. Extended Behaviour


Although the two tables form the basis for the power distribution, extended behaviour is implemented to further improve the utilisation of the HESS.



	
If the main BSS’s SoC is within the GREEN area during Normal Operation Mode and the required power (  P  H E S S   ) is smaller than 80% of the main’s maximum power output, then the main BSS will provide all of the power needed. However, if the main BSS’s SoC falls into the ORANGE area or the power requirement exceeds this threshold, then the DischargeTable applies once again.



	
Another set of exceptions applies when the Hybrid Controller is in the Energy Deficiency Mode. If only one of the BSS is in the RED area, it will receive all of the charging power (i.e., in case    P  H E S S   < 0  , according to Equation (4)). When discharging, priority will be given to the BSS not in the RED area, meaning it has to provide up to 100% of its rated power. Only if the load still cannot be met, the BSS in the RED area will be discharged as well. The amount of power assigned to each BSS is calculated according to Equations (5) and (6).







      P  m a i n      = f i l t e r ( ρ ·  P  H E S S   , m a i n )      



(5)






      P  s u p p o r t      = f i l t e r (  P  H E S S   −  P  m a i n   , s u p p o r t )      



(6)





The function filter bounds the input power to be within the feasible operating points of the respective BSS, as defined in Equation (7):


     f i l t e r  ( x , b s s )  =      u p p e r l i m i  t  b s s       if  x > u p p e r l i m i  t  b s s         l o w e r l i m i  t  b s s       if  x > l o w e r l i m i  t  b s s        x   otherwise         



(7)







If Equation (6) results in any remainder, i.e.,    P  H E S S   >  P  m a i n   +  P  s u p p o r t    , as much of the remaining power as possible is assigned to main. Any further remainder has to be provided by being respectively discharged to the grid. The described control strategy of the Hybrid Controller is also visualised in Figure 5.




3.2.5. Detailed Scenario


Consider a scenario where the main BSS has a maximum discharge capacity of     P ¯  main  = 100  kW  , while the support BSS can discharge up to     P ¯  support  = 200  kW  . The main BSS is in the GREEN area, whereas the support BSS operates in the RED area (Figure 5b). Given the following parameters,


      P ¯  grid     = 50  kW ,       P pv     = 20  kW ,       P load     = 200  kW ,     








we evaluate whether the available power sources can meet the load demands.



First, we verify if the combined power from the grid and Photovoltaic system (PV) is sufficient. Since


     P load     >   P ¯  grid  +  P pv        200  kW     > 50  kW + 20  kW = 70  kW ,     








the load cannot be fully met by these sources alone. Next, we check if utilising the main BSS in addition to the grid and PV solves the load demand. However,


     P load     >   P ¯  grid  +  P pv  +   P ¯  main  ,       200  kW     > 50  kW + 20  kW + 100  kW = 170  kW ,     








confirming that even with the main BSS, the load requirements are not met.



Finally, the remaining power shortfall is supplied by the support BSS in the RED state:


     P support     =  P load  −   P ¯  grid  −  P pv  −   P ¯  main        P support     = 200  kW − 50  kW − 20  kW − 100  kW = 30  kW     











Therefore, since the grid, PV, and main BSS cannot collectively meet the load, the controller draws   30  kW   from the support BSS, despite it being in the RED area.






4. Simulation and Results


4.1. OpenEMS


For the implementation of the behaviour detailed in Section 2.1 and Section 3, we used the Open Source Energy Management System (OpenEMS) (Release 2023.6.0). OpenEMS is an Open Source Energy Management Software implemented in Java. It provided us with a fully operational EMS with a broad range of functionalities. The main advantage of OpenEMS is that it allowed us to rely on its framework as a basis and focus our efforts on the modelling of the HESS and the development of the proposed Hybrid Controller. The HESS model and the Hybrid Controller developed during this work also rely on a foundation provided by OpenEMS. Moreover, the modular nature of OpenEMS allows for an easy extension of the implemented functionality in the future. A more detailed introduction and documentation of OpenEMS can be found on their website, https://openems.io, (accessed on 29 October 2024)




4.2. Simulation Framework


While OpenEMS provides basic functionality for a real-time simulation, this approach proved insufficient for the requirements of this work. Therefore, a simulation framework was implemented in Python. This simulation provides an accelerated simulation, ensures a consistent cycle length of one second, and allows easy processing and evaluation of the result data using the data analysis library Pandas. These goals are achieved while still using as much of the original OpenEMS code as possible. To this end, the Hybrid Controller and the BSS models implemented in Java are usable in the Python simulation without any further changes. By directly calling the existing Java code, no differences between the simulation and the potential real execution of the code in the future. The Java code is executed using the library pyjnius, which allows access to the Java classes. The simulation framework was further optimised using Cython, resulting in a simulation time of a few minutes for the simulated time of a month.




4.3. System Configuration


For the simulation, the components of the system (cf. Section 2.1) have to be configured. For the two BSSs composing the HESS, values for the latter eight attributes of Table 1 have to be set. The utilised configurations for main and support are displayed in Table 5.



Moreover, both BSSs will begin the simulation with a SoC of 50%. The RED–ORANGE transition is defined by a lower bound of 17% and an upper bound of 20% for both BSSs. As presented in Section 3, whether a BSS is in RED or not can heavily affect the control strategy of the Hybrid Controller. To avoid the strategy changing every few seconds, this difference of three percent was introduced. It provides a good trade-off between additional grid power consumed and delay between switching strategies. As the state difference between ORANGE and GREEN only affects the power split (cf. Section 3), it is not necessary to split the boundary between ORANGE and GREEN. Therefore, the upper and lower bounds are identical for the respective BSS. For the BSS main, the ORANGE state is larger with a SoC interval of [20%, 70%]. With this, the BSS main benefits longer from the prioritisation from being in ORANGE.



For the grid component, only the limit on power drawn from or supplied to the system can be configured. To account for different circumstances at the grid connection points, simulations are executed for the following conditions:




	
Low grid power limit of 100 kW.



	
High grid power limit of 200 kW.








As mentioned in Section 2.1, the variable load and the PV power rely on real predefined data sources.




4.4. Input Datasets


4.4.1. Photovoltaic Dataset


The dataset used as the basis for the PV production contains the measurements of the produced power by an existing PV plant in Germany. These measurements have been taken over five years, from 2016 until 2022, at 15-minute intervals. Out of these five years, two intervals have been selected as a basis for two data sources:




	
The first is 1 January 2022, beginning on 01.01.2022 at 11:00 and ending on 31.01.2022 at 23:45. These data were selected to test the performance of the HESS with the reduced power production by PVs during the winter months. The data source derived from this interval will be called Winter Data Source.



	
The second interval begins on 09.07.2022 at 11:00 and ends on 31.07.2022 at 23:45. Similar to Winter Data Source, this interval was selected to test the performance of the Hybrid Controller with an increased power production by PVs during the summer months. To further increase this effect, the power values for the second interval were multiplied by twenty. The data source derived from this interval will be called Summer Data Source.








No information is available regarding the real-world conditions under which the PV data were collected.



Some characteristic values for these two data sources are displayed in Table 6.




4.4.2. Variable Load Datasets


For the variable load datasets, measurements of the consumption at EVCSs are used. Using these sets of measurements, two real input datasets for the variable load are defined.



The first one, called D1, is based on measurements of the consumption in Watts [W] for three different charging connectors (i.e., Type 2 and Combined Charging System (CCS)). It is measured at a 30 s interval and contains data for April 2022. The selected data used as input for the variable load begins on 01.04.2022 at 11:00 and ends on 30.04.2022 at 23:59. The power consumed by each of the three charging sockets is summed up to the total power consumed at each time step. Furthermore, every second entry was dropped to receive a time resolution of 1 min. This results in 42,540 entries.



The different characteristics of the load dataset D1 are given in Table 7.



The second dataset, called D2, is derived from the log files of EVCSs. The log files encompass data for multiple sites (e.g., “Near Highway” or “Country Side”), each with several EVCS. The consumption is given per charger in total energy consumed (in [kWh]) over the charging duration. As this format is not directly usable in our implemented system, this dataset had to be adapted into a power-per-time-step format.



As a first step, the input data are separated based on their sites. For each site, the following steps are executed to receive a separate dataset per site:




	
The format was converted to power per time step by approximating the power consumed by the charger as energy consumed divided by charge duration.



	
This power then gets assigned to every time step within the charging duration.



	
As with D1, the power of the single chargers is summed up to the total power consumed by all chargers at each time step.



	
As this conversion results in sudden changes in power, a linear ramp rate was introduced. Five time steps before the power changes from zero to a set point, the power will increase by one-fifth of the set point per time step. It will analogously decrease for five time steps when the power changes from a set point to zero.








This approach results in five separated datasets based on the site of the EVCS: Country Side (D2 CS), Highway ((D2 H), Near the Highway ((D2 NH), in the City (D2 C), and Outside the City (D2 OC). As with D1, the selected data used for the variable load begins at 01.04.2022 at 11:00 and ends at 30.04.2022 at 23:59. The time resolution for this interval is one minute, resulting in 42,540 entries per dataset used as input data.



Some statistical data regarding the second dataset D2 is included in Table 8.





4.5. Implemented Scenarios


By assigning the components introduced in Section 2.1, a state based on whether they supply power (  P > 0  ) or draw power from the system (  P ≤ 0  ), 16 scenarios can be derived, as displayed in Table 9. These scenarios have been defined based on the following two assumptions:




	
When the HESS is not charging, it can either provide no power output (i.e.,    P  H E S S   = 0  ) or can discharge (i.e.,    P  H E S S   > 0  ). Similarly, when the grid does not provide power, it either provides no power input (i.e.,    P  g r i d   = 0  ) or acts as a power output (   P  g r i d   < 0  ).



	
The PVs only provide power, while the load only consumes power.








It has to be noted that Scenario 1, Scenario 2, Scenario 12, and Scenario 16 are included for completeness but cannot occur in the implemented system. In Scenario 1 and Scenario 2, a load is served without a power source, while in Scenario 12 and Scenario 16, power is provided without a load and cannot be discharged to the grid.



The remaining scenarios are possible. Their occurrence is verified by simulation data ensuring that the proposed Hybrid Controller covers the expected functionality. We start by explaining the first eight scenarios, where the grid is not utilised:




	
In Scenario 3, the load is only served by the HESS. This occurs when the Hybrid Controller is in Normal Operating Mode and the demand can be met by the HESS alone, i.e.,    P  l o a d   < =  P  m a i n   +  P  s u p p o r t    . The required load is met by power from the HESS alone.



	
Scenario 4 covers an inactive system. Here, neither the grid nor PVs supply power; there is no load, and the HESS neither charges nor discharges. This is expected to happen if the Hybrid Controller is not in Energy Deficiency Mode (no charging by the grid required) and there is no production by PVs and consumption by the load.



	
For Scenario 5 to happen, the production from PVs has to be greater than the load, and the Hybrid Controller has to be in the Normal Operation Mode. Using Equation (3),   P  H E S S    will be negative, resulting in the HESS charging.



	
Scenario 6 should occur if there is production from PVs, no load, and the Hybrid Controller is in the Normal Operation Mode. In this scenario, only the HESS will be charged, using the power from PVs.



	
Scenario 7 is an extension of Scenario 3, with the addition that the load is served by PVs as well as the HESS, i.e.,    P  l o a d   < =  P  p v   +  P  m a i n   +  P  s u p p o r t    .



	
Scenario 8 is expected when there is no load and the HESS is fully charged. In this scenario, the power from PVs is discharged to the grid.








For the remaining scenarios, the grid is always utilised. As the goal of the Hybrid Controller is to minimise grid utilisation, this should only happen if not possible otherwise. This means either during operation in the Energy Deficiency Mode or if the power required by the load exceeds the power that can be provided by the PVs and HESS.



	
Scenarios 9 and 13 occur if the Hybrid Controller is in Energy Deficiency Mode and the power from the grid suffices to meet the demand by the load. Equation (4) results in    P  H E S S   < 0  , and the HESS is charged with power from the grid. For Scenario 13, power from PVs will be available as well. In both cases, the HESS will get charged with the remainder of     P ¯   g r i d   +  P  p v   −  P  l o a d    .



	
For Scenario 10 and 14, no load has to be met, which means all of the available power from the grid will be used to charge the HESS.



	
Scenarios 11 and 15 happen when the power from the grid cannot meet the load. In these scenarios the HESS has to discharge, despite being in the Energy Deficiency Mode, to meet the demand by the load. For Scenario 15, the power from PVs will be available as well. However, Scenarios 11 and 15 can also happen if the Hybrid Controller is in the Normal Operation Mode. This happens if the load exceeds the maximum power output of the HESS as well as the power provided by PVs. In these scenarios, the grid will have to provide the remainder of the required power.






All these scenarios were evaluated via simulations.





5. Results and Discussion


5.1. Results


As stated in Section 3, the main goal of the Hybrid Controller is to maximise the utilisation of the power produced by the PVs and to minimise the utilisation of the grid. To provide a comprehensive assessment of the system’s performance in several key areas, several evaluation metrics such as Autarky, SC, and battery cycle were adopted. Each of the selected metrics was carefully chosen to capture different aspects of system performance, from energy independence to operational efficiency and long-term viability. By evaluating these metrics, we can demonstrate the system’s overall effectiveness in providing reliable and sustainable energy storage solutions.



5.1.1. Total Energy Consumption and PV Energy Generated


The total energy consumption and the total energy generated by PVs are not results of the simulation by themselves but rather predetermined by the input datasets as presented in Section 4.4. This means the evaluation does not depend on the performance of the Hybrid Controller. However, in conjunction with the evaluation metrics Energy drawn from Grid and Energy Discharged to Grid, they provide a benchmark as to the potential optimal result of the simulation. If the total energy generated by the PVs is greater than or equal to the total energy consumed, the Hybrid Controller should operate without relying on the consumption of grid power. On the other hand, a small amount of energy generated by PVs might explain why the Hybrid Controller utilised the grid often. Still, this evaluation metric covers the results of the simulations only superficially; more specialised metrics are necessary.




5.1.2. Energy Drawn from GRID


The evaluation metric Energy drawn from Grid denotes the total amount of energy the system consumed over the total duration of the simulation. It generally depends on the total energy consumption and total PV energy generated, as set by the input datasets. Based on this, a good result of Energy drawn from Grid should roughly make up the difference between the two values if the consumption is higher than the generation and be close to zero if the generation is higher than the consumption.




5.1.3. Energy Discharged to Grid


Similarly to Energy drawn from Grid, the evaluation metric Energy drawn from Grid denotes the total amount of energy discharged from the system to the grid over the total duration of the simulation. A good result for this metric is a value close to zero if the consumption is higher than the generation and the difference between consumption and generation if the generation exceeds the consumption.




5.1.4. Grid Limit Exceeded


This metric counts the number of times the Hybrid Controller could not keep the power drawn or discharged to the grid below the grid limit. As detailed in Section 3. The grid limit is defined to be exceeded when the average power drawn or discharged to the grid over a quarter hour is greater than the grid limit. This means that shorter spikes of a few seconds exceeding the grid limit will generally not be counted.




5.1.5. Autarky


It refers to the proportion of the power consumed from PVs and the HESS in comparison to the power consumed from the grid at a timestep t. Equation (8) defines this metric for a fixed time step t.


     A u t a r k  y t      =      100 %  trivial  case      if   P  l o a d   = 0           and   P  H E S S   > = 0       (  ( 1 −    P  g r i d    P  l o a d     )  ∗ 100 ) %      if   P  H E S S   > = 0       (  ( 1 −    P  g r i d    P  l o a d +  P  H E S S       )  ∗ 100 ) %      otherwise          



(8)




while the evaluation metrics Energy drawn from Grid and Energy discharged to Grid denote the reliance on the grid in terms of energy over the overall simulation duration, this evaluation metric focuses on the reliance in terms of power at single time steps. It has to be noted that this metric does not differentiate whether the power provided by the HESS was originally charged using PV production or power from the grid.




5.1.6. SC


It represents the percentage of PV power consumed in relation to the PV power generated at a time step t. The SC metric is expressed by Equation (9).


     SC t     =      0 %  trivial  case      if   P  p v   = 0        100 %      if   P  g r i d   > = 0       (  ( 1 −    P  g r i d    P  p v     )  ∗ 100 ) %      otherwise          



(9)








5.1.7. Battery Cycle Metrics


While the previous evaluation metrics mainly focus on the HESS energy buffering function, the battery cycle metrics pay attention to the actual operation of the HESS. For this work, a battery cycle is defined as the time steps between two time steps where the power output of the battery is zero. This means during a battery cycle, the power output of a battery goes from zero to at least one operating point not equal to zero back to zero again. For positive operating points, the battery cycle is called a discharge cycle, and for negative values, a charge cycle. When the battery switches from charging to discharging or vice versa without stopping at 0 W power output, the previous battery cycle ends and a new one begins. These battery cycles are calculated separately for the main and support. For each charge–discharge cycle, four evaluation metrics are collected:




	
Cycle duration: the duration of the cycle.



	
Cycle energy: the total energy charged and discharged, respectively, during the cycle.



	
Cycle mean power: the average power discharged during the cycle.



	
Ratio cycle energy/total BSS capacity: the ratio of the charged/discharged energy compared with the total capacity of the battery.








For the analysis of the results, these values are again averaged over all charge–discharge cycles. Additionally, these averages are also taken over all battery cycles with the overall cycle metrics.



Figure 6 and Figure 7 provide an overview of the results for the simulations H-Summer-High-Grid and CS-Summer-High-Grid. Table 10, Table 11, Table 12, Table 13, Table 14 and Table 15 contain the presented evaluation metrics and provide the results in detail.





5.2. Discussion


Using the data displayed in Table 10, Table 11, Table 12, Table 13, Table 14 and Table 15, some observations regarding the result of the simulation can be made. The simulation results can be categorised into two groups: Group One, characterised by a Total Energy Consumption greater than the PV-Energy Consumption, and Group Two, specified by a Total Energy Consumption lower than the PV-Energy Consumption.



5.2.1. Group One: Total Energy Consumption Greater than the PV Energy Consumption


All of the winter simulations, as well as the summer simulations for H, CS, and C, fall under this category, as seen in Table 10, Table 11 and Table 14. They all share a high SC value and Autarky value close to 100%, indicating that the system is efficiently utilising the energy generated by the CS while significantly reducing dependence on the grid. Elevated Autarky enhances the system’s ability to operate independently during grid outages or in remote locations, ensuring reliable energy availability.



In terms of generation, the PV production has to be scaled up in all cases, especially for the high-demand sites H and C. The current power generation facilities are not able to provide enough power to meet this demand by the EVCSs installed on the sites. For this reason, the SoC of the HESS is on average in the lower quarter. For example, the average SoC for H-Summer-High-Grid is 20%. This poses a problem in assessing whether the installed battery capacity is enough to serve a site.



To analyse whether the installed HESS power is enough, the evaluation Grid Limit Exceeded can be used. For most simulations in Group One, the limit is exceeded at least once. The exceptions are CS-Winter-High-Grid, OC-Winter-High-Grid, NH-Winter-High-Grid, and both D1 winter simulations. The number of times the grid limit is exceeded is especially high for the low grid simulations for sites H and C. This could be explained by the fact that these sites have the highest peak power demand and the highest power demand on average (cf. Table 8). Even in these cases, the grid limit is seldom exceeded by more than one Kilowatt. Still, to serve the demand on these sites, either the grid limit or the possible power output of the HESS would have to be increased.



If the simulations are executed without the HESS, the number of times the grid limit is exceeded is greater (see Table 16, Table 17 and Table 18). Again, CS-Winter-High-Grid, OC-Winter-High-Grid, and NH-Winter-High-Grid are exceptions with zero exceedances of the grid limit. For CS-Summer-High-Grid, the number of times the grid limit is exceeded is even reduced to zero. For the other simulations, the increase is especially high for the low grid simulations. For example, for C-Summer-Low-Grid, doubles from 57 occurrences to 107. For H-Winter-Low-Grid, the number of times the grid limit is exceeded increases from 186 to 254. These results indicate that the Hybrid Controller and the HESS’s ability to increase the available power independent of the grid for a certain duration help to keep the demand on the grid below a limit. Still, especially for a low grid limit of 100 kW combined with a high demand as in the sites H or C, this still is not enough to avoid these exceedances completely.



A common situation causing small exceedances of the limit is that the main BSS is charging when a high demand starts. In these cases, the main has to ramp down from charging before it can begin ramping up to discharge. As it has a relatively low ramp rate (cf. Table 5), this process usually takes one to two minutes. During this time the grid and the support BSS have to supply the difference in power. Depending on the demand, this causes the grid limit to be exceeded. A possible way to avoid this would be to increase the ramp rate of the main, the maximum power output of support, or the grid limit. An early control signal to begin the ramp down for the main could also reduce the occurrence of these situations. Large exceedances of the grid limit are commonly caused by peaks in demand over a few minutes. Even with the combined power output of the whole HESS, the additional required power still exceeds the grid limit.



For all simulations in Group One, the Energy drawn from Grid makes up roughly the difference between the Total Energy Consumption and the PV-Energy Generated. With a few kWh, the Energy discharged to Grid is close to zero. This is also reflected in their SC values close to or at 100%. When the simulation is run without a HESS, the values differ. For example, the Total Energy Consumption for H-Summer-High-Grid without the HESS is 17 MWh. This results in over 2 MWh being discharged to the grid unused. This can also be seen in the SC. Without the HESS, the average SC is almost halved at 51%. A similar picture emerges when examining the other simulations. Looking at the amount of energy charged and discharged to the respective BSS, it is clear that they charge with the energy from the PVs and, in certain conditions, from the grid (cf. Section 3), to be discharged at a later time when needed.



Moreover, the amount of energy charged and discharged to the main is about double the amount of energy charged and discharged to the support. This could be due to the role assignment of main and support or the fact that the main (RFB) has almost twice the capacity of the support (Li-ion) (cf. Table 5). When examining the ratio of Cycle Energy/Total BSS Capacity in simulation H-Summer-High-Grid, the latter seems to be the case. Main has a total of 483 charge cycles during which it charges on average 2.75% of its total capacity. A charge cycle takes 39 min on average. The BSS support has a total of 1055 charge cycles, charging 1.62% of its total capacity and lasting 17 min on average. This relationship is less expressed for the discharge cycles. Here, the main has a total of 841 discharge cycles, discharging 1.62% of its total capacity during an average of 11 min. Support has 1356 discharge cycles, 1.29% of its total capacity. A discharge cycle for support takes 7 min on average. In both cases, the main uses more of its total capacity on average, and its cycles last longer. Support, on the other hand, has more total cycles. This seems to match the expected behaviour according to the roles as defined in Section 3. For the other simulations of Group One, a similar picture emerges. These results indicate that the HESS function to buffer energy serves an important part in smoothly operating the EVCS at the simulated sites.



Both simulations for OC winter seem to form an anomaly. Here, the average charge cycle duration is much higher compared with other winter simulations, as well as their summer counterparts. On average, a charge cycle lasts well above an hour, charging with 41 kW, respectively 17 kW. Even though the average power, as well as the average charge power, are very high, the average charged energy is relatively small. This can be explained by taking a look at the raw data. In these simulations, there is a relatively low consumption with long intervals in between (cf. Table 8). During these simulations, the HESS gets charged with the low power production by PVs during the winter. When there is demand, the HESS is not fully charged and soon changes to the RED state. This causes it to be charged up using high power from the grid. The result is long charge cycles with a very low charge power, as well as relatively short charge cycles with a high power. For OC-Winter-High-Grid this results in about half of the cycles having a duration of about 11 min with an average power of 70 kW caused by fast charging using the grid. The other half has a charge cycle duration ranging from half an hour to almost seven hours. For these long charge cycles, the average charge power does not exceed 300 W. This phenomenon does not occur in the other simulations in Group One, as the demand by consumption is far higher and more frequent.




5.2.2. Group Two: Total Energy Consumption Lower than the PV Energy Consumption


Group Two is the smaller of the two groups. It is made up of both OC summer simulations, both NH summer simulations, and both D1 summer simulations. As expected, these simulations are characterised by a high Autarky and lower SC than the simulations of Group One. The energy produced by PVs suffices to meet the demand. Little energy is drawn from the grid, and mostly only the surplus production is discharged to the grid, as seen by Autarky close to 100%. This results in the grid being used only a few times. The grid is, therefore, never exceeded during any simulations of Group Two. This might also be explained by the fact that the load datasets for these simulations have lower peak power demands compared with the datasets of Group One (cf. Table 7 and Table 8). When comparing this to simulations where no HESS are used, their importance to buffer the produced energy and power becomes apparent. Without the HESS, more than 1.5 MWh of grid energy are consumed in simulation OC-Summer-High-Grid, while using only 752 kWh of PV energy. Without the buffering function of the HESS, more than 80% of PV energy is discharged to the grid and not utilised. For the NH and D1 simulations, these numbers are similar.




5.2.3. Comparison with Existing Controllers


An example of existing controllers is the “Balancing Controller” implemented in the OpenEMS project. This controller’s strategy is to balance the supply and demand of power using Equation (10).


      P  r e q u i r e d   =  P  g r i d   +  P  E S S       



(10)







  P  E S S    and   P  g r i d    denote the current operating points of the grid and the ESS, respectively. The controller calculates the required power as the power needed by the ESS to charge or discharge for the grid to be zero. There is no consideration of whether the ESS is actually rated to supply   P  r e q u i r e d   . If this value exceeds the ESS capabilities, it will just charge or discharge at its maximum. Similarly, the controller does not take the ESS SoC into account. When the ESS is depleted, it will no longer discharge. If it is fully charged, it will no longer charge. If this controller is assigned to two ESS, it will simply split   P  r e q u i r e d    evenly across the two. Any surplus that one ESS is not able to use will not be reassigned and instead is just lost. This approach may be sufficient with two identical ESSs or two ESSs that are very similar in terms of energy capacity, rated power, and ramp rates. However, if the two ESSs differ, their resources and the available power might not be utilised efficiently. Another shortcoming, especially in combination with EV charging, is that this controller will not ensure a minimum amount of charged energy or use the grid to charge the battery. Compared with the “Balancing Controller” in OpenEMS, our controller optimises energy management across multiple storage technologies. It intelligently manages power distribution between the two batteries in the HESS, enhancing system efficiency, reducing costs, and extending the overall lifespan of the system.



In conclusion, the practical implications of implementing our system are substantial, with a significant impact on both operational efficiency and sustainability. Key considerations include the following:




	
Increased energy reliability and stability: Our controller enhances the reliability of EV charging stations by balancing energy supply and demand. This reduces dependency on the grid and mitigates the risk of power outages, ensuring consistent charging availability.



	
Optimised energy costs: By leveraging PV power and storing excess energy, the implemented controller reduces peak demand charges and optimises energy consumption. Time-of-use energy shifting further decreases operational costs, making EV charging more cost-effective for both operators and users.



	
Enhanced grid integration: the Hybrid Controller helps manage grid loads by smoothing energy fluctuations, reducing the strain on the grid during peak times. This enhances grid stability and supports the broader integration of renewable energy sources.



	
Fast charging capabilities: our system can deliver high-power output for fast charging, improving user experience and reducing waiting times at charging stations.



	
Reduced environmental impact: By integrating PV power and efficient storage, our system minimises the carbon footprint of EV CS, aligning with global sustainability goals and promoting cleaner transportation.



	
Scalability and flexibility: Our system offers modular solutions that can be scaled to meet varying demand levels, making them suitable for a range of charging station sizes, from small urban setups to large highway hubs.



	
Initial investment and maintenance considerations: While HESS can lower long-term operational costs, the initial investment in hybrid systems can be significant. Additionally, maintenance of multiple energy storage components requires skilled personnel and regular monitoring to ensure system longevity and performance.











6. Conclusions


In this work, a novel algorithm named Hybrid Controller that optimises the power distribution within a HESS, made up of an RFB, and a Li-ion battery is proposed. The Hybrid Controller maximises the use of the HESS, identifies the amount of power to be charged/discharged from each HESS battery, prioritises using the generated PV power to charge the HESS, also meeting the load demand, and reduces the grid energy consumption. The implemented algorithm was tested and validated via simulation using real data. A total of 24 scenarios were assessed based on their Autarky and SC, corresponding to six locations, summer and winter times, and low and high grid limits. The simulation results demonstrate two major outcomes. First, it is important to equip the EV charging stations with the HESS to cover the increasing charging demand and reduce the grid power consumption by powering the HESS with renewable energy sources. Second, PV-generated power plays a crucial role in offsetting the total energy consumed in our system by providing a clean and renewable source of power. Its contribution directly reduces reliance on grid energy, lowering operational costs and carbon emissions. When compared with other sustainable charging strategies, such as wind energy, PV generation has the advantage of being more predictable during daylight hours and easier to implement in urban or remote locations. However, the produced PV power is insufficient to meet the load demand in some locations, especially in high-traffic areas such as highways. So, a hybrid approach that combines PVs with other renewable sources, like wind and hydropower, often enhances reliability and maximises sustainability in diverse conditions.



The results provide valuable insights into the performance of the hybrid system’s controller by highlighting various essential factors. They demonstrate the controller’s effectiveness in managing the charging and discharging cycles of both the main and support batteries, ensuring optimal energy utilisation by preventing issues like overcharging and deep discharging. Furthermore, the results indicate that the controller is highly adaptable to different operational scenarios, making it suitable for a diverse range of applications, from residential systems to large-scale grid support.



The simulated results of our system using OpenEMS, while valuable, have certain limitations. Firstly, simulations inherently simplify real-world conditions, which means that factors such as weather variability, equipment degradation, and unexpected load fluctuations may not be fully captured. Secondly, the model assumes idealised system behaviour, potentially overlooking inefficiencies or inaccuracies in hardware operation. Lastly, OpenEMS simulations are dependent on the accuracy and granularity of input data, such as PV generation profiles and load demand patterns, which may not always reflect real-world scenarios.



Future studies could fruitfully explore the issue of predicting the optimal time to charge the HESS while maximising the use of green energy and saving costs.
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Abbreviations


The following abbreviations are used in this manuscript:



	HESS
	Hybrid Energy Storage System



	BSS
	Battery Storage System



	BSS
	Battery Storage Systems



	SoC
	State of Charge



	PV
	Photovoltaic



	RE
	Renewable Energy



	RES
	Renewable Energy Source



	EMS
	Energy Management System



	OpenEMS
	Open Source Energy Management System



	EVCS
	Electric Vehicle Charging Station



	RFB
	Redox Flow Battery



	SC
	Self-Consumption



	ESS
	Energy Storage System



	Li-ion
	Lithium-ion



	GHG
	greenhouse gas



	EV
	Electric Vehicle



	CS
	Charging Station



	CCS
	Combined Charging System
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Figure 1. Overall system architecture: HESS: combines a lithium battery and a Redox Flow Battery (RFB) to utilise their advantages. Photovoltaic (PV): supplies renewable energy to the system. Load: represents the consumption from electric vehicle charging. Grid: serves as a power source for balancing supply. 
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Figure 2. Schematic representation of the used battery model. 
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Figure 3. Diagram for the state machine determining a battery’s state based on its SoC. 
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Figure 4. Flowchart visualising the task executed by each BSS each cycle. 
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Figure 5. Flowcharts illustrating the control strategy of the proposed Hybrid Controller. 






Figure 5. Flowcharts illustrating the control strategy of the proposed Hybrid Controller.



[image: Smartcities 07 00156 g005]







[image: Smartcities 07 00156 g006] 





Figure 6. Consumption, grid, and production curves, as well as the SoC of the two BSSs for simulation H-Summer-High-Grid from 06.04.2022 at 00:00 until 13.04.2022 at 00:00. 
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Figure 7. Consumption, grid, and production curves, as well as the SoC of the two BSSs for simulation CS-Summer-High-Grid from 04.04.2022 at 00:00 until 11.04.2022 at 00:00. 






Figure 7. Consumption, grid, and production curves, as well as the SoC of the two BSSs for simulation CS-Summer-High-Grid from 04.04.2022 at 00:00 until 11.04.2022 at 00:00.



[image: Smartcities 07 00156 g007]







 





Table 1. Dynamic attributes and configurable parameters modelling a BSS.






Table 1. Dynamic attributes and configurable parameters modelling a BSS.









	Dynamic Attributes
	Description





	SoC
	Current SoC of battery in [%].



	Current Power (  P c  )
	Set power for this cycle in [W].



	Upper Power Limit
	Max. feasible operating point of the Battery this cycle in [W].



	Lower Power Limit
	Min. feasible operating point of the Battery this cycle in [W].



	Configurable Parameters
	



	Capacity
	Nominal capacity of the Battery in [Wh].



	Max. Possible Charge Power (  P ¯  )
	Maximum amount of power in [W] this battery can be charged with.



	Max. Possible Discharge Power (  P ̲  )
	Maximum amount of power in [W] this battery can discharge.



	Ramp Rate (  R R   )
	Maximum change in power per cycle in [W/ Cycle].



	Response Time (RT)
	Delay from power requested to first power supplied in [s].



	Inactivity Time (IT)
	Time in [s] spent at power output = 0, after which response time has to elapse again.



	Maximum SoC
	Maximum SoC in [%] this battery can be charged up to.



	Minimum SoC
	Minimum SoC in [%] this battery can be discharged to.










 





Table 2. Used derating factor based on the current SoC of the BSS.






Table 2. Used derating factor based on the current SoC of the BSS.





	SoC
	Derated Charge Power
	Derated Discharge Power





	    min .   SoC , 20   
	max. charge power
	60% max. discharge power



	   21 , 70   
	80% max. charge power
	80% max. discharge power



	   70 ,  max .   SoC   
	60% max. charge power
	max. discharge power










 





Table 3. ChargeTable specifying the power distribution between BSS main and support when charging.






Table 3. ChargeTable specifying the power distribution between BSS main and support when charging.





	

	
Main

	
RED

	
ORANGE

	
GREEN




	
Support

	






	
RED

	

	
50%

	

	
30%

	

	
0%




	
50%

	

	
70%

	

	
100%

	




	
ORANGE

	

	
70%

	

	
70%

	

	
20%




	
30%

	

	
30%

	

	
80%

	




	
GREEN

	

	
100%

	

	
20%

	

	
50%




	
0%

	

	
80%

	

	
50%

	











 





Table 4. DischargeTable specifying the power distribution between BSS main and support when discharging.






Table 4. DischargeTable specifying the power distribution between BSS main and support when discharging.





	

	
Main

	
RED

	
ORANGE

	
GREEN




	
Support

	






	
RED

	

	
50%

	

	
70%

	

	
100%




	
50%

	

	
30%

	

	
0%

	




	
ORANGE

	

	
30%

	

	
70%

	

	
70%




	
70%

	

	
30%

	

	
30%

	




	
GREEN

	

	
0%

	

	
30%

	

	
70%




	
100%

	

	
70%

	

	
30%

	











 





Table 5. Values modeling the main and support BSSs during the real-time simulation.






Table 5. Values modeling the main and support BSSs during the real-time simulation.





	Attribute
	Main (RFB)
	Support (Li-Ion)





	Capacity
	400 kWh
	220 kWh



	Maximum Discharge Power
	90 kW
	276 kW



	Maximum Charge Power
	78 kW
	276 kW



	Ramp Rate
	1200 W/Cycle
	100 kW/Cycle



	Response Time
	10 s
	2 s



	Inactivity Time
	10 s
	10 s



	Minimum SoC
	10%
	5%



	Maximum SoC
	90%
	95%



	Lower Bound RED–ORANGE
	17%
	17%



	Upper Bound RED–ORANGE
	20%
	20%



	Lower Bound ORANGE–GREEN
	70%
	50%



	Upper Bound ORANGE–GREEN
	70%
	50%










 





Table 6. Characteristic values for the PV dataset.
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	PV Dataset Characteristics
	Winter
	Summer





	Number of entries
	2836
	2836



	Number non-zero entries
	957
	1837



	Mean power
	37.36 W
	6.73 kW



	Mean power of non-zero entries
	110.72  W
	10.34 kW



	Maximum power
	934.40 W
	28.80 kW



	Total energy produced
	26.39 kWh
	4.77  MWh










 





Table 7. Characteristics of the first used load dataset D1.






Table 7. Characteristics of the first used load dataset D1.





	Characteristics of the Load Dataset D1
	Values





	Number of entries
	42,540



	Count non-zero entries
	9326



	Total energy consumed
	1.99 MWh



	Mean Power
	2.80 kW



	Mean Power of non-zero entries
	12.79 kW



	Max. Power
	40 kW



	Median Power
	0 W










 





Table 8. Characteristics of the second used load dataset D2 (CS: Country Side, H: Highway, NH: Near the Highway, C: in the City, OC: Outside the City).






Table 8. Characteristics of the second used load dataset D2 (CS: Country Side, H: Highway, NH: Near the Highway, C: in the City, OC: Outside the City).





	Dataset Characteristics
	CS
	H
	NH
	C
	OC





	Number of entries
	42,540
	42,540
	42,540
	42,540
	42,540



	Number non-zero entries
	9861
	15,201
	4115
	14,317
	3344



	Total energy consumed
	9.61 MWh
	19.92 MWh
	3.76 MWh
	14.11 MWh
	2.30 MWh



	Mean power
	13.55 kW
	28.10 kW
	5.30 kW
	19.90 kW
	3.24 kW



	Mean power of non-zero entries
	58.44 kW
	78.63 kW
	54.83 kW
	59.12 kW
	41.20 kW



	Max. power
	217 kW
	421 kW
	149 kW
	276 kW
	140 kW



	Median power
	0 W
	0 W
	0 W
	0 W
	0 W










 





Table 9. Sixteen scenarios derived based on implemented functionality.






Table 9. Sixteen scenarios derived based on implemented functionality.





	Scenario
	     P grid  > 0    
	     P pv  > 0    
	     P HESS  < 0    
	     P load  < 0    





	1 (NP)
	×
	×
	✓
	✓



	2 (NP)
	×
	×
	✓
	×



	3
	×
	×
	×
	✓



	4
	×
	×
	×
	×



	5
	×
	✓
	✓
	✓



	6
	×
	✓
	✓
	×



	7
	×
	✓
	×
	✓



	8
	×
	✓
	×
	×



	9
	✓
	×
	✓
	✓



	10
	✓
	×
	✓
	×



	11
	✓
	×
	×
	✓



	12 (NP)
	✓
	×
	×
	×



	13
	✓
	✓
	✓
	✓



	14
	✓
	✓
	✓
	×



	15
	✓
	✓
	×
	✓



	16 (NP)
	✓
	✓
	×
	×







NP: Not Possible Scenario, ×: No Power Available, ✓: Power Available













 





Table 10. Simulation results for the Highway location.






Table 10. Simulation results for the Highway location.





	
Evaluation Metrics

	
D2-H




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Total Energy Consumption

	
19.92 MWh

	
19.92 MWh

	
19.92 MWh

	
19.92 MWh




	
PV Energy Generated

	
4.77 MWh

	
4.77 MWh

	
26.39 kWh

	
26.39 kWh




	
Energy Drawn from Grid

	
14.96 MWh

	
14.96 MWh

	
19.70  MWh

	
19.71 MWh




	
Energy Discharged to Grid

	
2.25 kWh

	
1.81 kWh

	
1.28 kWh

	
0.37 kWh




	
Energy Charged to Main

	
4.02 MWh

	
3.77 MWh

	
3.31 MWh

	
2.98 MWh




	
Energy Discharged by Main

	
4.14 MWh

	
3.89 MWh

	
3.43 MWh

	
3.10 MWh




	
Energy Charged to Support

	
1.71 MWh

	
2.21 MWh

	
1.47 MWh

	
2.02 MWh




	
Energy Discharged by Support

	
1.78 MWh

	
2.28 MWh

	
1.54 MWh

	
2.09 MWh




	
Grid Limit Exceeded

	
11

	
129

	
16

	
186




	
Average Autarky

	
71%

	
70%

	
47%

	
44%




	
Average Self-Consumption

	
100%

	
100%

	
98%

	
99%




	
Average Charge Cycle Duration

	
23.60 min

	
35.25 min

	
13.82 min

	
26.01 min




	
Average Charge Cycle Energy

	
5.92 kWh

	
6.40 kWh

	
6.07 kWh

	
6.77 kWh




	
Average Charge Cycle Mean Power

	
44.20 kW

	
16.79 kW

	
58.68 kW

	
23151 kW




	
Average Ratio Charge Cycle Energy/Total BSS Capacity

	
0.0198

	
0.0209

	
0.0207

	
0.0225




	
Average Discharge Cycle Duration

	
8.6 min

	
12.67 min

	
7.21 min

	
12.18 min




	
Average Discharge Cycle Energy

	
4.23 kWh

	
5.34 kWh

	
3.70 kWh

	
4.88 kWh




	
Average Discharge Cycle Mean Power

	
32.10 kW

	
21.41 kW

	
36.47 kW

	
23.97 kW




	
Average Ratio Discharge Cycle Energy/Total BSS Capacity

	
0.0141

	
0.0175

	
0.0126

	
0.0162




	
Average Overall Cycle Duration

	
14.8 min

	
22.80 min

	
9.68 min

	
17.87 min




	
Average Overall Cycle Energy

	
4.93 kWh

	
5.82 kWh

	
4.58 kWh

	
5.66 kWh




	
Average Overall Cycle Mean Power

	
37.08 kW

	
19.33 kW

	
44.76 kW

	
23.63 kW




	
Average Ratio Overall Cycle Energy/Total BSS Capacity

	
0.0165

	
0.0190

	
0.0156

	
0.0188











 





Table 11. Simulation results for the Country Side location.






Table 11. Simulation results for the Country Side location.





	
Evaluation Metrics

	
D2-CS




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Total Energy Consumption

	
9.61 MWh

	
9.61 MWh

	
9.61 MWh

	
9.61 MWh




	
PV Energy Generated

	
4.77 MWh

	
4.77 MWh

	
26.39 kWh

	
26.39 kWh




	
Energy Drawn from Grid

	
4.65 MWh

	
4.65 MWh

	
9.40 MWh

	
9.40 MWh




	
Energy Discharged to Grid

	
2.65 kWh

	
2,43 kWh

	
1.06 kWh

	
0.65 kWh




	
Energy Charged to Main

	
2.91 MWh

	
2.69 MWh

	
2.16 MWh

	
1.73 MWh




	
Energy Discharged by Main

	
3.03 MWh

	
2.81 MWh

	
2.28 MWh

	
1.85 MWh




	
Energy Charged to Support

	
1.26 MWh

	
1.28 MWh

	
0.92 MWh

	
0.95 MWh




	
Energy Discharged by Support

	
1.33 MWh

	
1.35 MWh

	
0.98 MWh

	
1.01 MWh




	
Grid Limit Exceeded

	
1

	
22

	
0

	
44




	
Average Autarky

	
87%

	
87%

	
62%

	
59%




	
Average Self-Consumption

	
100%

	
100%

	
97%

	
98%




	
Average Charge Cycle Duration

	
37.50 min

	
45.50 min

	
21.38 min

	
32.45 min




	
Average Charge Cycle Energy

	
5.18 kWh

	
5.19 kWh

	
5.50 kWh

	
5.10 kWh




	
Average Charge Cycle Mean Power

	
27.99 kW

	
11.06 kW

	
56.30 kW

	
21.45 kW




	
Average Ratio Charge Cycle Energy/Total BSS Capacity

	
0.0167

	
0.0165

	
0.0183

	
0.0165




	
Average Discharge Cycle Duration

	
11.64 min

	
14.27 min

	
8.44 min

	
11.73 min




	
Average Discharge Cycle Energy

	
4.47 kWh

	
4.96 kWh

	
3.52 kWh

	
3.75 kWh




	
Average Discharge Cycle Mean Power

	
22.27 kW

	
16.24 kW

	
31.20 kW

	
20.85 kW




	
Average Ratio Discharge Cycle Energy/Total BSS Capacity

	
0.0144

	
0.0158

	
0.0117

	
0.0121




	
Average Overall Cycle Duration

	
23.41 min

	
29.24 min

	
13.39 min

	
 min




	
Average Overall Cycle Energy

	
4.79 kWh

	
5.07 kWh

	
4.28 kWh

	
20.24 kWh




	
Average Overall Cycle Mean Power

	
24.87 kW

	
13.76 kW

	
40.79 kW

	
21.10 kW




	
Average Ratio Overall Cycle Energy/Total BSS Capacity

	
0.0155

	
0.0161

	
0.0142

	
0.0139











 





Table 12. Simulation results for the Outside the City location.






Table 12. Simulation results for the Outside the City location.





	
Evaluation Metrics

	
D2-OC




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Total Energy Consumption

	
2.30  MWh

	
2.30  MWh

	
2.30  MWh

	
2.30  MWh




	
PV Energy Generated

	
4.77 MWh

	
4.77 MWh

	
26.39 kWh

	
26.39 kWh




	
Energy Drawn from Grid

	
1.17 kWh

	
1.17 kWh

	
2.08 MWh

	
2.09 MWh




	
Energy Discharged to Grid

	
2.22 MWh

	
2.22 MWh

	
0.49 kWh

	
0.29 kWh




	
Energy Charged to Main

	
1.63 MWh

	
1.63 MWh

	
0.66 MWh

	
0.56 MWh




	
Energy Discharged by Main

	
1.47 MWh

	
1.47 MWh

	
0.78 MWh

	
0.68 MWh




	
Energy Charged to Support

	
0.20 MWh

	
0.20 MWh

	
0.26 MWh

	
0.26 MWh




	
Energy Discharged by Support

	
0.10  MWh

	
0.10 MWh

	
0.33 MWh

	
0.32 MWh




	
Grid Limit Exceeded

	
0

	
0

	
0

	
2




	
Average Autarky

	
98%

	
98%

	
85%

	
84%




	
Average Self-Consumption

	
60%

	
60%

	
99%

	
99%




	
Average Charge Cycle Duration

	
41.31 min

	
41.31 min

	
70.46 min

	
81.04 min




	
Average Charge Cycle Energy

	
4.60 kWh

	
4.60 kWh

	
3.93 kWh

	
3.44 kWh




	
Average Charge Cycle Mean Power

	
4.66 kW

	
4.66 kW

	
41.05 kW

	
17.04 kW




	
Average Ratio Charge Cycle Energy/Total BSS Capacity

	
0.0125

	
0.0125

	
0.0126

	
0.0109




	
Average Discharge Cycle Duration

	
6.53 min

	
6.53 min

	
10.56 min

	
11.43 min




	
Average Discharge Cycle Energy

	
3.17 kWh

	
3.17 kWh

	
3.37 kWh

	
3.28 kWh




	
Average Discharge Cycle Mean Power

	
6.88 kW

	
6.88 kW

	
21.56 kW

	
17.42 kW




	
Average Ratio Discharge Cycle Energy/Total BSS Capacity

	
0.00835

	
0.00835

	
0.0108

	
0.0104




	
Average Overall Cycle Duration

	
21.97 min

	
21.97 min

	
36.40 min

	
42.71 min




	
Average Overall Cycle Energy

	
3.81 kWh

	
3.81 kWh

	
3.61 kWh

	
3.35 kWh




	
Average Overall Cycle Mean Power

	
5.89 kW

	
5.89 kW

	
29.96 kW

	
17.25 kW




	
Average Ratio Overall Cycle Energy/Total BSS Capacity

	
0.0102

	
0.0102

	
0.0116

	
0.0106











 





Table 13. Simulation results for the Near Highway location.






Table 13. Simulation results for the Near Highway location.





	
Evaluation Metrics

	
D2-NH




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Total Energy Consumption

	
3.76 MWh

	
3.76 MWh

	
3.76 MWh

	
3.76 MWh




	
PV Energy Generated

	
4.77 MWh

	
4.77 MWh

	
26.39 kWh

	
26.39 kWh




	
Energy Drawn from Grid

	
3.53 kWh

	
3.53 kWh

	
3.55 MWh

	
3.55 kWh




	
Energy Discharged to Grid

	
1.02 MWh

	
1.02 MWh

	
0.64 kWh

	
0.39 kWh




	
Energy Charged to Main

	
1.98 MWh

	
1.98 MWh

	
0.87 MWh

	
0.77 MWh




	
Energy Discharged by Main

	
1.96 MWh

	
1.96 MWh

	
0.98 MWh

	
0.89 MWh




	
Energy Charged to Support

	
0.96 MWh

	
0.96 MWh

	
0.36 MWh

	
0.39 MWh




	
Energy Discharged by Support

	
0.98 MWh

	
0.98 MWh

	
0.43 MWh

	
0.45 MWh




	
Grid Limit Exceeded

	
0

	
0

	
0

	
8




	
Average Autarky

	
98%

	
98%

	
80%

	
78%




	
Average Self-Consumption

	
83%

	
83%

	
99%

	
99%




	
Average Charge Cycle Duration

	
73.98 min

	
73.98 min

	
50.93 min

	
70.75 min




	
Average Charge Cycle Energy

	
6.45 kWh

	
6.45 kWh

	
4.27 kWh

	
4.10 kWh




	
Average Charge Cycle Mean Power

	
4.33 kW

	
4.33 kW

	
43.32 kW

	
17.40 kW




	
Average Ratio Charge Cycle Energy/Total BSS Capacity

	
0.0204

	
0.0204

	
0.0141

	
0.0132




	
Average Discharge Cycle Duration

	
9.45 min

	
9.45 min

	
8.12 min

	
10.73 min




	
Average Discharge Cycle Energy

	
5.00 kWh

	
5.00 kWh

	
3.32 kWh

	
3.64 kWh




	
Average Discharge Cycle Mean Power

	
11.56 kW

	
11.56 kW

	
28.03 kW

	
21.05 kW




	
Average Ratio Discharge Cycle Energy/Total BSS Capacity

	
0.0159

	
0.0159

	
0.0110

	
0.0118




	
Average Overall Cycle Duration

	
37.63 min

	
37.63 min

	
25.94 min

	
37.21 min




	
Average Overall Cycle Energy

	
5.64 kWh

	
5.64 kWh

	
3.71 kWh

	
3.84 kWh




	
Average Overall Cycle Mean Power

	
8.40 kW

	
8.40 kW

	
34.39 kW

	
19.44 kW




	
Average Ratio Overall Cycle Energy/Total BSS Capacity

	
0.0178

	
0.0178

	
0.0123

	
0.0124











 





Table 14. Simulation results for the in the City location.






Table 14. Simulation results for the in the City location.





	
Evaluation Metrics

	
D2-C




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Total Energy Consumption

	
14.11 MWh

	
14.11 MWh

	
14.11 MWh

	
14.11 MWh




	
PV Energy Generated

	
4.77 MWh

	
4.77 MWh

	
26.39 kWh

	
26.39 kWh




	
Energy Drawn from Grid

	
9.15 MWh

	
9.16 MWh

	
13.89 MWh

	
13.90 MWh




	
Energy Discharged to Grid

	
2.45 MWh

	
2.13 kWh

	
1.16 kWh

	
0.72 kWh




	
Energy Charged to Main

	
3.18 MWh

	
3.11 MWh

	
2.78 MWh

	
2.63 MWh




	
Energy Discharged by Main

	
3.31 MWh

	
3.22 MWh

	
2.91 MWh

	
2.74 MWh




	
Energy Charged to Support

	
1.39 MWh

	
1.72 MWh

	
1.23 MWh

	
1.58 MWh




	
Energy Discharged by Support

	
1.45 MWh

	
1.78 MWh

	
1.29 MWh

	
1.65 MWh




	
Grid Limit Exceeded

	
4

	
57

	
5

	
91




	
Average Autarky

	
79%

	
77%

	
52%

	
50%




	
Average Self-Consumption

	
100%

	
100%

	
97%

	
98%




	
Average Charge Cycle Duration

	
25.21 min

	
33.72 min

	
13.48 min

	
21.66 min




	
Average Charge Cycle Energy

	
4.89 kWh

	
5.29 kWh

	
5.67  kWh

	
6.04 kWh




	
Average Charge Cycle Mean Power

	
34.73 kW

	
15.27 kW

	
57.86 kW

	
25.91 kW




	
Average Ratio Charge Cycle Energy/Total BSS Capacity

	
0.0162

	
0.0171

	
0.0191

	
0.0199




	
Average Discharge Cycle Duration

	
10.31 min

	
13.84 min

	
9.36 min

	
13.50 min




	
Average Discharge Cycle Energy

	
3.85 kWh

	
4.61 kWh

	
3.53 kWh

	
4.22 kWh




	
Average Discharge Cycle Mean Power

	
26.04 kW

	
17.52 kW

	
31.63 kW

	
20.99 kW




	
Average Ratio Discharge Cycle Energy/Total BSS Capacity

	
0.0127

	
0.0149

	
0.0118

	
0.0138




	
Average Overall Cycle Duration

	
16.78 min

	
22.94 min

	
10.91 min

	
16.78 min




	
Average Overall Cycle Energy

	
4.30 kWh

	
4.92 kWh

	
4.34 kWh

	
4.95 kWh




	
Average Overall Cycle Mean Power

	
29.81 kW

	
16.49 kW

	
41.52 kW

	
22.97 kW




	
Average Ratio Overall Cycle Energy/Total BSS Capacity

	
0.0142

	
0.0159

	
0.0145

	
0.0162











 





Table 15. Simulation results for the dataset D1 (Country Side).






Table 15. Simulation results for the dataset D1 (Country Side).





	
Evaluation Metrics

	
D1




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Total Energy Consumption

	
1.99 MWh

	
1.99 MWh

	
1.99 MWh

	
1.99 MWh




	
PV Energy Generated

	
4.77 MWh

	
4.77 MWh

	
26.39 kWh

	
26.39 kWh




	
Energy drawn from Grid

	
0.36 MWh

	
0.36 MWh

	
1.77 MWh

	
1.78,MWh




	
Energy discharged to Grid

	
3.03 MWh

	
3.03 MWh

	
0.07 kWh

	
0,07 kWh




	
Energy charged to Main

	
0.91 MWh

	
0.91 MWh

	
0.78 MWh

	
0.74 MWh




	
Energy discharged by Main

	
0.81 MWh

	
0.81 MWh

	
0.90 MWh

	
0.86 MWh




	
Energy charged to Support

	
0.42  MWh

	
0.42  MWh

	
0.36 MWh

	
0.35 MWh




	
Energy discharged by Support

	
0.40 MWh

	
0.40 MWh

	
0.43 MWh

	
0.42 MWh




	
Grid Limit Exceeded

	
0

	
0

	
0

	
0




	
Average Autarky

	
96%

	
96%

	
85%

	
85%




	
Average Self-Consumption

	
44%

	
44%

	
99%

	
99%




	
Average Charge Cycle Duration

	
104.95 min

	
104.95 min

	
91.19 min

	
93.53 min




	
Average Charge Cycle Energy

	
10.09 kWh

	
10.03 kWh

	
6.25 kWh

	
6.02 kWh




	
Average Charge Cycle Mean Power

	
30.02 kW

	
19.53 kW

	
74.97 kW

	
44.15 kW




	
Average Ratio Charge Cycle Energy/Total BSS Capacity

	
0.0317

	
0.0316

	
0.0197

	
0.0191




	
Average Discharge Cycle Duration

	
52.87 min

	
52.40 min

	
46.66 min

	
46.81 min




	
Average Discharge Cycle Energy

	
7.66 kWh

	
7.60 kWh

	
4.65 kWh

	
4.54 kWh




	
Average Discharge Cycle Mean Power

	
6.49 kW

	
6.30 kW

	
11.12 kW

	
10.69 kW




	
Average Ratio Discharge Cycle Energy/Total BSS Capacity

	
0.0242

	
0.0241

	
0.0147

	
0.0143




	
Average Overall Cycle Duration

	
76.43 min

	
76.17 min

	
64.35 min

	
65.47 min




	
Average Overall Cycle Energy

	
8.76 kWh

	
8.70 kWh

	
5.29 kWh

	
5.13 kWh




	
Average Overall Cycle Mean Power

	
17.13 kW

	
12.28 kW

	
36.49 kW

	
24.05 kW




	
Average Ratio Overall Cycle Energy/Total BSS Capacity

	
0.0276

	
0.0275

	
0.0167

	
0.0163











 





Table 16. Simulation results for the Highway location (no HESS).






Table 16. Simulation results for the Highway location (no HESS).





	
Evaluation Metrics-No HESS

	
D2-H




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Energy drawn from Grid

	
17.19 MWh

	
17.19 MWh

	
19.90 MWh

	
19.90 MWh




	
Energy discharged to Grid

	
2.04 MWh

	
2.04 MWh

	
9.51 kWh

	
9.51 kWh




	
Grid Limit Exceeded

	
15

	
195

	
19

	
254




	
Average Autarky

	
25%

	
25%

	
0%

	
0%




	
Average Self-Consumption

	
51%

	
51%

	
63%

	
63%











 





Table 17. Simulation results for the Outside the City location (No HESS).






Table 17. Simulation results for the Outside the City location (No HESS).





	
Evaluation Metrics-No HESS

	
D2-OC




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Energy drawn from Grid

	
1.54 MWh

	
1.54 MWh

	
2.29 MWh

	
2.29 MWh




	
Energy discharged to Grid

	
4.02 MWh

	
4.02 MWh

	
21.5 kWh

	
21.5 kWh




	
Grid Limit Exceeded

	
0

	
1

	
0

	
4




	
Average Autarky

	
50%

	
41%

	
1%

	
0%




	
Average Self-Consumption

	
13%

	
13%

	
19%

	
19%











 





Table 18. Simulation results for the Country Side location (No HESS).






Table 18. Simulation results for the Country Side location (No HESS).





	
Evaluation Metrics-No HESS

	
D2-CS




	
Summer

	
Winter




	
High Grid

	
Low Grid

	
High Grid

	
Low Grid






	
Energy drawn from Grid

	
7.42 MWh

	
7.42 MWh

	
9.59 MWh

	
9.59 MWh




	
Energy discharged to Grid

	
2.59 MWh

	
2.59 MWh

	
11.93 kWh

	
11.93 kWh




	
Grid Limit Exceeded

	
0

	
46

	
0

	
76




	
Average Autarky

	
39%

	
39%

	
1%

	
1%




	
Average Self-Consumption

	
38%

	
38%

	
51%

	
51%
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