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Abstract

:

This paper presents the concept of using electric vehicles (EVs) as a countermeasure to deal with the negative effects of power rationing when electricity demands become difficult to meet due to unfavorable electrical system operating conditions. At present, an energy storage is widely used to maintain the stability of electricity supply in facilities whose main source of energy is renewable energy sources (RESs). However, we must not forget that electric vehicles are also electricity storage facilities, but they are not always available due to their mobility. With properly developed strategies, they can be used in electricity management processes, for example, by reducing their consumption during charging using smart charging technology, or by providing electricity from their batteries using vehicle-to-building (V2B) technology. Thus, this article presents a research methodology that treats electric vehicles as a remedy for eliminating power constraints. It consists of five main steps, including two algorithms for deciding how to deploy EVs during power rationing periods. An efficiency factor for eliminating these constraints was also introduced. The results showed that the use of smart charging or V2B technology in EVs can reduce the number of potential hours in which certain power levels are exceeded by up to several tens of percent. This means that in the future, with the significant development of electromobility, such a way of dealing with power constraints could be an alternative to conventional solutions like diesel generators.
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1. Introduction


Currently, developed countries, especially European ones, are facing an energy crisis. There are many reasons for this phenomenon. According to the authors of [1], it began in 2021, when economies were experiencing a renaissance after the first lockdowns of the COVID-19 pandemic [2]. This has resulted in a significant increase in prices in electricity markets, as well as in natural gas markets [3,4,5,6]. Countries such as Germany, Austria, Finland, Greece, Poland, and Italy were particularly affected by this situation [4]. This has led to the introduction of legislative procedures to save electrical energy and natural gas for both public entities and households [7]. In most cases, this reduction in energy consumption has a significant impact on the standards of living of the people concerned [8]. The energy consumption issues mentioned above, however, provide a broader picture of the ongoing energy transition. For many years, EU policies have been oriented towards moving away from fossil fuels and imposing increasingly ambitious carbon dioxide (CO2) reduction targets [9,10]. It should be noted that countries such as Germany, Italy, Poland, and the UK [11,12,13,14,15] face a gradual process of phasing out coal- and lignite-fired power plants, and, in the case of Germany, the problem also involves the abandonment of the nuclear power plant program for political reasons [13]. In addition, it should be mentioned that the process of phasing out fossil fuel power plants is associated with a significant increase in capacity from renewable energy sources (RESs) [16]. Unfortunately, these are mostly intermittent sources, which, as a rule, do not enhance the energy security of countries [14,17]. This can have negative consequences in assessing the adequacy of electrical systems [18]. One of the solutions to this problem is the development of electromobility in the energy transition process [19,20]. This latter area has recently become the subject of greater attention. The promotion of electric vehicles (EVs) poses a huge challenge for the transport sector, especially in the process of optimizing travel routes [21,22,23], but also for the energy sector [24,25,26,27]. Unfortunately, it has often been forgotten that the proper development of electromobility must go alongside the simultaneous development of the energy sector [24]. It is necessary to keep in mind the problems of connecting EV charging points [28,29], optimizing charging costs, both from the side of the EV user and the managers of non-residential facilities [30,31], but also optimizing EV charging hours to maximize the use of own low-carbon generation sources [32,33]. The design of EV charging stations, consisting of multiple EV charging points and PV installations, often integrated with battery electric storage systems (BESSs), has become an extremely popular part of research [34]. These are known as “solar carports” [35,36]. Their application can be numerous. They can be established at workplaces, in city parking lots, or in the driveways of single-family homes [36,37]. In addition, through the use of technologies, such as smart charging (SC) or vehicle-to-building (V2B) technologies, the electricity transferred to or from a vehicle can be managed in an economically and technically optimal manner [38,39,40].



As electromobility grows, so does the demand for power and electricity in the national power systems. It should be mentioned at this point that the process of transitioning to a low-carbon energy sector requires, for many countries, the phasing out of conventional power plants. In addition, the increase in RES power generation, without the corresponding development of electricity storage technologies, causes increasing instability in electricity production [41,42]. The aforementioned situation may negatively affect the adequacy of the power system. Thus, the main challenge for transmission system operators (TSOs) is to maintain the capacity in operation in the system at an appropriate level, so as to provide an adequate operating reserve to cover sudden load changes or as a countermeasure in case of failure to generate units [43]. In Poland, for example, this represents 9% of the current power demand [44]. There is an indicator used in power system reliability theory describing the frequency of situations in which the reserve level may not be covered that is called the LOLE (loss of load expectation) [43]. The security standard of electric power systems can also be expressed using this indicator [18]. According to the authors of [18], the most common LOLE value defining the considered standard is 3 h in EU countries. This value is in force in countries such as Poland, Italy, Greece, and Belgium [18,45]. As mentioned, the LOLE parameter is closely related to the adequacy of power systems. A study prepared by the ENSTO-E, the European association for the cooperation of transmission system operators, highlighted that the safety standards for the operation of electricity networks are outdated [46]. These problems are most often associated with the withdrawal of financial support for fossil fuel power plants under capacity mechanisms. According to the authors of [46], practically all of continental Europe will experience overruns of security standards for system operation as early as 2025 if capacity mechanisms are withdrawn. However, it should be noted that according to Regulation 2019/943 of the European Parliament and of the council of 5 June 2019 on the internal market for electricity, from 2025, it will not be possible to provide state aid to generation units with unit CO2 emissions greater than 550 kg CO2/MWh [47]. Thus, the probability of exceeding safety standards is highly likely. The LOLE values reported for EU countries are in the range of 1 h/year to even several hundred h/year [46]. It is also worth noting that member countries also perform electricity system adequacy analyses on their own. Figure 1 shows the projected values of the LOLE indicator for Poland, according to the data provided by the Polish transmission system operator.



The LOLE curve presented in Figure 1 leads us to the conclusion that there will be a significant increase in this indicator between 2023 and 2030. This means that, according to the forecasts of the Polish TSO, this indicator will be exceeded as early as 2024. This means that a certain category of energy consumers will have to start rationing energy, that is, limiting their consumption during a period of restriction imposed by the transmission operator [49]. Public administration units, but also universities, may be particularly vulnerable to such actions [50]. If this kind of situation would happen to an entity such as a university, whose main activity is research and teaching, in the worst case, it could lead to a reduction in this activity in a drastic way or even a suspension of all essential activities [51]. If we consider that a suspension of teaching activity would only lead to a certain delay in the completion of the program, a delay in the field of scientific research could be the source of enormous financial losses due to fixed deadlines for carrying out research programs financed by the government or private entities. It is therefore necessary to think about the effective future use of EVs in the electricity management process on university campuses because, while being a volatile means of storing electrical energy, they can also represent a significant reserve of electrical energy. Therefore, universities, particularly technical ones, thanks to their human resources, will be the ideal place to promote electromobility and the potential use of EVs as mobile energy storage units. Thus, this article presents the possibilities of using EVs in electricity management activities during power rationing periods. Section 2 provides an overview of EV application solutions in microgrids and presents novelties. Section 3 presents the research methodology for the use of EVs in the energy management process during power rationing periods. Section 4 presents the assumptions for the case study using the main campus of Warsaw University of Technology, and Section 5 presents the results of the analyses and further discussion.




2. Integration of EVs with Microgrids and Smart Buildings


2.1. State of the Art


Aspects related to the integration of electric vehicles with buildings, for both normal and emergency periods, have often been discussed in the literature. First and foremost, one of the primary concerns is the optimization of EV charging for non-residential buildings [52]. In the study published by the authors of [53], a model was developed that optimized the facility manager’s decisions on the number of charging points and their power, as well as their operation due to economic criteria (energy prices). The articles published by the authors of [32,54,55] present EV charging strategies that take into account the operation of internal energy sources (mainly RESs) and charging costs in office buildings. The paper published by the authors of [55] used a model based on the Monte Carlo method to analyze EV charging profiles, which is particularly important for modeling uncertainties arising from vehicle charging. The literature has also described the aforementioned cases, but for situations where EV charging occurs in so-called carports [56,57]. In these cases, the coordination of EV charging with the operation of PV installations was analyzed. Articles on carports have stated that despite the advantages of reducing emissions and increasing the auto-consumption rate, such installations must remain cost-effective [34,58]. In this research field, the possibility of a RES hybrid system that powered a 3.6 kW charging station was also explored [59]. Another aspect that has been analyzed in the literature was to describe the effective use of EVs in the process of energy management in buildings. This can be carried out through the use of smart charging (SC) technologies [60]. This is a technology that allows for the EV charging load to be adjusted according to the current demand profile and market conditions, so that by using one of the criteria (technical or economic), the process is optimal [61,62]. The paper published by the authors of [63] describes a number of mathematical and programming methods that can be used in modeling smart EV charging. The second technology described in the literature that deals with the efficient use of EVs in the process of energy integration with buildings is vehicle-to-building (V2B) technology. It involves returning electricity from EVs to buildings, most often offices or other commercial buildings [64,65]. The main assumption for using V2B technology is the need to not only reduce electricity consumption but also to reduce power [40]. The publication published by the authors of [66] presents discharge/charge control algorithms to obtain the effect of reducing the power consumed by the building using stochastic computational methods. The publication published by the authors of [67] presents the possibility of using a school bus as an emergency power source for a school. The paper constructed by the authors of [68] employed mixed-integer linear programming (MILP) to manage energy in a building energy management microgrid. It is also worth mentioning that the authors of [68] addressed an important topic related to EV energy yielding—the randomness of the battery parameters of mobile energy storage. The articles published by the authors of [57,69] also addressed these aspects by analyzing a vehicle’s ability to arrive at the point of the V2X/V2B service. Aspects of V2B technology that have been discussed in the literature also address the set of expectations of EV users and building owners [70]. The problems of creating local microgrids using EVs and buildings have also been described [34,39,71]. Additionally, the literature has addressed the problems associated with establishing such microgrids that also operate in islanded mode [37,59,72]. The papers published by the authors of [71,73] present a unique building-to-vehicle-to-building concept, where an electric vehicle is a type of “energy bridge” between two buildings, forming a microgrid. It also discussed the possible savings in energy use by using electric vehicles as a form of mobile energy storage [38]. It should be emphasized that V2B technology has also been reflected in real-life applications, not just theoretical considerations. An analysis of the use of V2B technology in real-world applications should be started with a demonstration project at the Lincoln Lab to test the provision of electric vehicle power for microgrids for the US Department of Defense [74]. Peak-shaving and frequency control solutions were tested. The second project from the US was the one launched by the Massachusetts Department of Energy Resources to use a school bus for power backup in four school districts [75]. However, this project required further testing due to the fact that electric school buses are still an emerging technology. An interesting European solution was the use of V2B technology at the Johan Cruijff Arena in Amsterdam [76]. By using EV discharge technology, the aforementioned stadium gained the possibility of an additional power source, and guests who visit the stadium can generate revenues from the provision of V2B services. Another example of the use of V2G/V2B technology is the M-tech Labo project, which was organized in 2010 by Mitsubishi Electric and the Tokyo Institute of Technology [77]. One of the most recent projects in the area of V2G/V2B technology was an activity that was organized by ABB in Trondheim, Norway [78]. However, it is important to remember that V2B technology is still in the commercial development phase, mainly due to limitations arising from the availability of charging infrastructure (lack of bi-directional charging points), the relatively small number of vehicles compatible with bi-directional energy transfer, and the lack of legislation allowing for easy energy transfer between the vehicle and the grid [79].




2.2. Novelty


Due to the rapid growth in popularity of electric vehicles, it is important to keep in mind that more and more of them will appear in non-residential building locations, i.e., workplaces or university campuses. These vehicles are likely to be charged throughout the user’s presence at the destination [38]. Therefore, it is important to consider how to use them effectively in the process of managing electricity at these facilities. It is worth noting that, from an electricity perspective, electric vehicles are nothing more than mobile energy storage [64]. Considering that selected models of electric vehicles have the function of bi-directional energy transfer, it is possible to take into account their use as an additional source of electricity. The studies published by the authors of [80,81,82] examined the possibility of using electric vehicles as one of the resources for reducing power demand, most often providing peak-shaving services in single-family homes. This type of EV-to-building power transmission service is often described as vehicle to home (V2H), but in principle, it converges with V2B technology. The articles published by the authors of [55,65,83] focused on electricity management in large commercial buildings. However, all of these papers describe the normal operating conditions of electric power systems, i.e., when an EV is used to provide services to power system operators in the form of maintaining power quality parameters or performing demand side management (DSM) services. The use of EVs in commercial buildings integrated with photovoltaic (PV) installations has been modeled under similar operating conditions in [68,84]. It is worth noting that the publication published by the authors of [85] used a facility of the University of Deusto in Spain as the base site for its analysis of the feasibility of V2B technology, but it focused on the potential benefits of having a large parking lot, ergo a relatively large peak-shaving potential. Their analysis, however, was, as in the previous literature items discussed, concerned with the normal operating states of the electric power system. Moreover, electric vehicles do not need to have V2B functionality to actively participate in the balancing process of the end user’s installation. It is usually sufficient that their charging is controlled in such a way so that it is economically or technically optimal. In particular, the latter criterion may be of interest in situations where there are restrictions on consumers’ electricity consumption—so-called power supply tiers. However, the literature has most often discussed the use of electric vehicles in the process of efficient energy management during the normal operation of the power system, mainly using smart charging when the appropriate economic impulse has been received [31,39,86]. However, these authors decided to fill the knowledge gap by considering both smart charging technology and bi-directional power transfer from the vehicle to the building (V2B technology) to reduce the negative effects of the possibility of power rationing periods, i.e., when the power system is operating under certain constraints that were set by the power system operators. Efficiency factors were analyzed in detail in order to eliminate the constraints associated with the energy consumption of electric vehicles when this consumption occurs on a university campus. University campuses are characterized by a large amount of space, which includes, among other things, parking lots for private and company cars, and potential space on rooftops for own energy sources, such as PV installations [85,87]. In the case of technical universities, due to the need for a reliable power supply for laboratories and other services, it can also be assumed that adapting the power supply to modern solutions will be more rapid and easier. Considering these facts, this article aimed to develop a research methodology for managing the appearance of power constraints based on the assumption that a unit has an electric vehicle charging and discharging infrastructure with integrated local power generation sources. The potential for using such a high-reliability electric power service was evaluated, taking into account the scenarios adopted for the development of energy infrastructure on university campuses, as described by the authors of [51]. When no power overruns are identified, electric vehicles are used for economic optimization, maximizing the self-consumption factor, but this aspect will not be described in detail. The main contributions of this article compared to the articles published so far are as follows:




	
Presentation of a concept (idea) in which EVs serve as a countermeasure to reduce the negative effects of power rationing periods;



	
Application of a new method of analyzing the power and energy demands of a non-residential building to assess the usefulness of EVs as a form of mobile energy storage during power rationing periods;



	
Development of a mathematical model and setting up procedures that will allow for the future management of electricity in non-residential buildings using EVs during power rationing periods;



	
Implementation of a new efficiency factor to eliminate power constraints using electric vehicles;



	
Identifying the problem of a potential suspension of the core business of universities during power rationing periods and the necessity to invest in bi-directional EV charging points as part of the development of university campuses by synergizing the development areas of such facilities with sustainability and energy security.










3. Methodology


First of all, it should be mentioned that the methodology described in this chapter concerns research that is currently in the proof-of-concept phase. This means that the solution presented below is a mathematical model of an internal service that can be introduced by the owner or possibly the end user of the facility. In general, the methodology presented in this article is applicable to all non-residential buildings, including critical infrastructure. It aims to highlight that electric vehicles with the application of smart charging or V2B technologies can actively participate in the process of balancing the end user’s demand during power rationing periods. This methodology is divided into 5 main parts: calculation of end-user demand, calculation of production from the end user’s own sources, modeling of the electric vehicle fleet, calculation of power constraints, and application of the authors’ algorithms to eliminate the aforementioned constraints. Figure 2 shows a basic block diagram of the proposed methodology.



All analyses related to the introduction of power rationing and their potential mitigation by means of distributed generation resources, including electricity storage, should begin with an assessment of the power and energy demands of the facility under study. Thus, for each hour of the day of the year, it is possible to determine a certain level of power demand over 1 h of the studied facility,    P t  D E M    , and consequently its energy consumption at a given hour (t),    E  t , y p l   D E M    , in the year for which we have historical electricity consumption data, ypl. Throughout the article, the following equation should be used when defining electricity (consumed or given away):


   E t  =  P t  · 1   h  



(1)







Since energy security analyses should be performed in the long term (taking into account the duration of the investment process or the electricity management strategy for a given subject), it is necessary to take into account correction factors indicating the trend of an increase or decrease in electricity demand. The research presented in this article is a follow up to the work carried out in [51], so it was assumed that for the target year of investment, yf, the power demand at a given hour, t, can be determined:


   P  t , y f   D E M   =    (   P  t , y p l   D E M   ·  k t  D E M    )    y f − y p l    



(2)




where    P  t , y f   D E M    —the power demand of the studied facility at hour t in year yf, expressed in kW, and    k t  D E M    —a correction coefficient indicating the trend towards an increase or decrease in the electricity demand of the studied facility.



By analogy, based on Equation (1), it is possible to calculate the demand for electricity of the studied facility at hour t in year yf—   E  t , y f   D E M    .



In the paper published by the authors of [51], the    k t  D E M     coefficient was determined for each hour based on historical data from selected years for which the facility manager had energy consumption data for each hour of the day. In the present study, it was decided that the value of this coefficient should be one for all hours of the day and would be equal to the average value of the calculated    k t  D E M     coefficients, i.e.,      k t  D E M    ¯   . Equation (2) thus takes the form:


   P  t , y f   D E M   =    (   P  t , y p l   D E M   ·    k t  D E M    ¯   )     (  y f − y p l  )     



(3)







Thus, the facility’s electricity demand,    E  t , y f   D E M    , based on Equation (1), also depends on the average value of the coefficient      k t  D E M    ¯   . Based on the work of [51], a method for calculating the capacity at the studied facility, at each hour of year t, was also determined:


    T E C H  i  =  {    t e c h  1  ,     t e c h  2  , … ,   t e c h   T C    }   



(4)






   ∀  t ∈ T        P  t , G R   G E N   =   ∑   i = 1   T C    P  t , i   G E N    



(5)




where TECHi—the set of distributed generation technologies planned for operation at the analyzed facility; i—the element of the set TECHi; and    P  t , G R   G E N    —generated capacity of distributed generation technologies at the analyzed facility, expressed in kW.



Therefore, it is possible to calculate the volume of electricity planned to be produced in hour t from distributed generation sources,    E  t , G R   G E N    , based on Equation (1). Thus, Equations (3) and (5) describe the operating points of the facility’s electric power equipment (consumption and generation) at each hour, t, of year yf. In addition, the operation of electric vehicle supply equipment (EVSE) must be modeled. The purpose of this article was to see whether EVs can help minimize the negative effects of introducing power rationing periods. At first glance, it seems that electric vehicles during the operating hours of the analyzed facility will not be able to help; in fact, they make the situation worse, as they are an additional energy load. However, through the use of smart charging (SC) or dynamic load management (DLM) [27,88] and vehicle-to-building (V2B) technologies, it is possible, through appropriate electricity management, to achieve a positive effect in the form of shifting the load to off-peak hours, intelligently shutting down the charging point when there are periods with a restriction in electricity consumption, or even generation operation of EVs for the benefit of the facility under study (for the EVs allowing for such an operation). Thus, two types of charging points were modeled at the studied facility: those enabling EV charging with smart charging technology (the number of charging points is equal to    n  C S   S M C    ), and those allowing for EVs to be discharged within the framework of V2B technology (the number of V2B charging points is equal to    n  C S   V 2 B    ). For the purposes of this work, it was assumed that V2B charging points are only used for discharging and must be available at other times. Vehicle charging is only possible using them as a reserve, e.g., when the facility under study would need to increase its demand as part of providing flexibility services on an emergency basis. This meant that when modeling the power and energy demands of the charging points, they were not taken into account, since the use of V2B technology is one of the facility administrator’s countermeasures. It was also assumed that the EVSE operates at a constant power for 1 h. Therefore:


   P  t , E V S E   D E M   =  k  E V S E , t   ·  P N  S M C   ·  n  C S   S M C    



(6)




where    P N  S M C    —power drawn from the charging point with smart charging technology applied, expressed in kW;    k  E V S E , t    —the factor that determines the level of power consumed by a given charging point; and    P  t , E V S E   D E M    —power drawn from all charging points in the facility, expressed in kW.



It should be noted that EV charging stations can operate with multiple operating points at a given hour (t). Thus, the coefficient    k  E V S E , t     can be mathematically written as a j-element vector of operating points:


   k  E V S E , t   =  [       k  E V S E , t , 1          k  E V S E , t , 2        ⋮     ⋮       k  E V S E , t , j        ]   



(7)







Knowing that the EVSE operates at a constant power for 1 h, the electricity demand of the charging points,    E  t , E V S E   D E M    , can be determined based on Equation (1).



Thus, the power operating point of the facility under study can be determined as follows:


   P  t , y f   F A C   =  P  t , y f   D E M   −  P  t , G R   G E N   +  P  t , E V S E   D E M    



(8)






   E  t , y f   F A C   =  E  t , y f   D E M   −  E  t , G R   G E N   +  E  t , E V S E   D E M    



(9)




where    P  t , y f   F A C    —the power balance of the facility under study at hour t of year yf, taking into account the demand for electricity, the generation of electricity from their own sources, and the operation of the charging station, expressed in kW; and    E  t , y f   F A C    —the electricity balance of the facility under study at hour t of year yf, taking into account the demand for electricity, the generation of electricity from their own sources, and the operation of the charging station, expressed in kWh.



A crucial element of the presented methodology is the validation by the manager of the facility under study of restrictions on electricity consumption and supply (power rationing) to end users. It has been assumed that each country or energy area has its own measures and methods for implementing such restrictions. For example, in Poland, there are so-called power supply tiers that determine the values of power consumption, depending on the operating state of the national power system. Thus, we let    P  1 h   L I M     determine the value of hourly power that can be consumed by a given end user. By applying a simplification, the power consumed in a given hour (t) will also be equal to the energy consumed by the consumer in that hour (   E  1   h   L I M    ). More extensively, the methodology for determining the value of power supply tiers for Poland will be presented in Section 4, when discussing the case study. Thus, for each hour of year t, it was necessary to verify that the limits set by the relevant power system operators are followed, i.e., the below condition must be met:


   ∀  t ∈ T      P  t , y f   F A C   ≤  P  1   h   L I M    



(10)







It should be mentioned, however, that the process of imposing constraints on power consumption for the end user is dynamic and may only apply to selected days or even hours. The foundation in the presented approach of solving this problem was to calculate the aforementioned values for the energy balance of the facility in the long term and simultaneously analyze them in the short term (n − 1 day). This means that the value    P  1   h   L I M     should be verified on an ongoing basis and input by the relevant technical services into the facility’s energy management system (EMS).



The methodology presented in this article was therefore based on the possibility of using EVs in the process of balancing and improving the energy security of the installations. However, it should be emphasized that the approach of using EVs to mitigate the negative effects of power rationing presented in this article is only a certain proposition of the idea of using EVs, and it has not yet been tested on a real infrastructure using both adequate real equipment and a communication infrastructure using the protocols used to manage communication between charging stations and other actors that make up the EMS. Thus, if the condition presented in Equation (10) is met, then it is possible for the load examined to consume electricity up to the subscribed power, including the use of charging stations for electric vehicles. However, we must not forget that it is up to the manager of such an installation to try to optimize their economic efficiency. This involves, among other things, using, in terms of electric vehicle charging, advanced DLM tools to shift charging to off-peak hours if this possibility exists. One of the important effects of the employment of DLM is the more pronounced fluctuation of energy prices on the day-ahead-type stock market for electric energy. We are not going to dwell too much on this subject, as it is outside the scope of the research presented in this article; hence, the rest of this article will not develop this aspect. From the point of view of this article, an interesting case was the situation in which condition (10) was not satisfied for certain periods of time of the year. Two countermeasures were defined, which use EVs in the process of dealing with electricity supply constraints:




	
Smart charging;



	
Energy transmission from an electric vehicle to a building, using V2B technology.








However, we must first define the technological and legislative basis for the use of electric vehicles and charging stations. Currently, the formal and legal situation of EVs is quite complicated. There is not yet a clear legal framework regarding the introduction of V2X technology (including V2B) in most energy markets [89]; it has been assumed that the electric vehicles that will participate in the transmission of energy to the end user in question belong to that end user (e.g., service vehicles). We also assumed that in the coming years of development of electromobility, legal acts will be adapted in such a way that the provision of V2X services will be facilitated [90]. So, the start point of the consideration is that they must be registered in a dedicated ICT system, and with the help of communication modules, their parameters can be defined at any time. In this article, a similar method of describing EVs using a vector was used as in the work published by the authors of [90]. However, due to the fact that EVs are to belong to the fleet of the manager of the facility under study, the vector describing the n-th electric vehicle (uEVn) was simplified:


    u E V  n  =  [        I D  n        S O C   t , n         S O C   f , n        C n        F N  n       t n S       ]   



(11)




where     I D  n   —identification number of the n-th electric vehicle;     S O C   t , n    —the state of charge of the n-th vehicle’s battery at the time of connection and the start of transmission of electricity from or to the electric vehicle, expressed in %;     S O C   f , n    —the state of charge of the n-th vehicle’s battery at the end of the process of transferring electricity from or to the electric vehicle, expressed in %;    C n   —nominal capacity of the battery of the n-th electric vehicle, expressed in kWh;     F N   n      —functionality of the n-th EV, defined as a charging-only vehicle (value equal to 1) or charging and discharging vehicles (value equal to 2); and    t n S   —expected dwell time of the n-th EV at discharging or at the charging site, in hours.



Based on the input data for the n-th EV, it was possible to determine the available electrical energy that the EV will consume during the charging process or yield during the discharging process:


   ∀  u E  V n    i f     F N  n  = 1   ∨     F N  n  = 2        E  C H , n   =  (    S O C   f , n   −   S O C   t , n    )  ·    C n     η  CH      



(12)






   ∀  u E  V n    i f       F N  n  = 2      E  D I S , n   =  (    S O C   t , n   −   S O C   f , n    )  ·  C n  ·  η  D I S    



(13)




whereby the following conditions must be met:


  i n   c h a r g i n g   p r o c e s s :     S O C   f , n   ≤   S O C   M A X , n    



(14)






  i n   d i c h a r g i n g   p r o c e s s :     S O C   f , n   ≥   S O C   0 , n    



(15)




where    E  C H , n    —electricity consumed by the n-th EV during the charging process, in kWh;    E  D I S , n    —electricity yield via the n-th EV during the discharging process, in kWh;    η  CH    —efficiency of the EV charging process, expressed in %;    η  DIS    —efficiency of the EV discharging process, expressed in %;     S O C   M A X , n    —the maximal state of charge of the n-th vehicle’s battery, expressed in %; and     S O C   0 , n    —the minimal state of charge of the n-th vehicle’s battery, constrained by the technical limitations, expressed in %.



It is also important to note that the level of     S O C   t , n    , when a decision is made to discharge an EV, will also depend on the distance the EV is from the discharge service point:


    S O C   t , n   =  {       C n  ·  (    S O C   a c t , n   −   u  s  E V , n   ·  d n     C n     )  ,       :  d n  > 0             S O C   a c t   ,                                                           :  d n  = 0        



(16)




where     S O C   a c t , n    —the state of charge of the n-th vehicle’s battery, at the time of the decision of whether to provide the V2X service, expressed in %;   u  s  E V , n    —average electricity consumption of the n-th electric vehicle, expressed in kWh/km; and    d n   —the distance between the n-th electric vehicle and the point where the discharging service is provided, expressed in km.



It should be noted that if a given EV or set of EVs does not have the functionality to supply electrical energy from the battery to the grid/consumer, which is notably due to the absence of the CHAdeMO or CCS 3.0 charging standard, then the installation manager can only apply the first countermeasure, namely smart charging. Although this is a drawback of the proposed approach, a significant increase in the number of EVs with the CCS 3.0 standard in the EU is expected, as it is to be a unified standard for vehicles operating in member states. EVs for which charging power is reduced using smart charging technology were assumed to be a separate set of EVs operated by the facility manager. This means that the total set of EVs,    N  u E V    , can be described using a matrix [90]:


   N  u E V   =  [      I  D 1        S O  C  t , 1       S O  C  f , 1        C 1      F  N 1       t 1 S        I  D 2      S O  C  t , 2       S O  C  f , 2        C 2      F  N 2       t 2 S       ⋮   ⋮   ⋮   ⋮   ⋮   ⋮      I  D n      S O  C  t , n       S O  C  f , n        C n      F  N n       t n S       ]   



(17)







It is now necessary to divide the set    N  u E V     into two subsets, defining vehicles that only perform charging operations (i.e., those whose parameter   F  N n  = 1  ) and those that can be charged and discharged (  F  N n  = 2  ):


   N  u E V   =  N  u E V   F 1    ∪     N  u E V   F 2    



(18)






   N  u E V   F 1   =  [      I  D k        S O  C  t , k       S O  C  f , k        C k     1     t k S        I  D  k + 1       S O  C  t , k + 1       S O  C  f , k + 1        C  k + 1      1     t  k + 1  S       ⋮   ⋮   ⋮   ⋮   ⋮   ⋮      I  D  k + l       S O  C  t , k + l       S O  C  f , k + l        C  k + l      1     t  k + l  S       ]   



(19)






   N  u E V   F 2   =  [      I  D m        S O  C  t , m       S O  C  f , m        C m     2     t m S        I  D  m + 1       S O  C  t , m + 1       S O  C  f , m + 1        C  m + 1      2     t  m + 1  S       ⋮   ⋮   ⋮   ⋮   ⋮   ⋮      I  D  m + o       S O  C  t , m + o       S O  C  f , m + o        C  m + o      2     t  m + o  S       ]   



(20)




where k—the subsequent EV charging at the studied facility; and m—the subsequent EV charging or discharging at the studied facility.



Thus, given the number of rows of the set    N  u E V    :


  n = l + o  



(21)




and:


  N  o  u E V   F 1   =  |   N  u E V   F 1    |   



(22)






  N  o  u E V   F 2   =  |   N  u E V   F 2    |   



(23)






  N  o  u E V   T O T   = N  o  u E V   F 1   + N  o  u E V   F 2   =  |   N  u E V    |   



(24)




where   N  o  u E V   T O T    —the total number of EVs in the set    N  u E V    ;   N  o  u E V   F 1    —the number of EVs in the set    N  u E V   F 1    ; and   N  o  u E V   F 2    —number of EVs in the set    N  u E V   F 2    .



Having the basic information on electric vehicles, it is necessary to define the value of the exceedances for each day of the year, or more precisely, for each hour, assuming that the power consumed during a given hour (t) is constant and equal to the value of the electricity consumed:


   ∀  t ∈ T        P  O V E R , t   =  P  t , y f   F A C   −  P  1   h   L I M    



(25)







Further consideration was given to the hours (t) in which the value calculated in Equation (25) was greater than 0. Next, it was necessary to check whether there was a non-zero value of    P  t , y f   F A C       for the parameter    P  t ,   E V S E   D E M       in the hour of the occurrence of overruns, i.e., for the record    P  O V E R , t    . In such a situation, the electric vehicles were said to be in the studied facility and charged. Thus, for these hours of the year (narrowing down to a certain period), it can be said that smart charging technology should be applied. It should also be remembered that the application of smart charging technology according to the assumptions of this methodology can only be applied to the EVs whose describing parameter   F  N n  = 1  . It was also assumed that each vehicle analyzed within the set has its own charging point. Thus:


  N  o  u E V   F 1   =  n  C S   S M C    



(26)







The use of smart charging technology implies the simplest regulation of the charging power factor    k  E V S E , t    . More advanced models can employ tracking controllers that adjust to the shape of the facility’s power demand profile. Nevertheless, for the purposes of this methodology, stepwise regulation of the level of charging point power demand was used. We let    k  E V S E , t   R E D     determine the charging reduction factor. By analogy with the    k  E V S E , t     factor, a j-element vector was created to describe the    k  E V S E , t   R E D     factor. Thus:


   k  E V S E , t   R E D   =  [       k  E V S E , t , 1   R E D          k  E V S E , t , 2   R E D        ⋮     ⋮       k  E V S E , t , j   R E D        ]   



(27)







As a result, it was possible to calculate the level of constraint after the application of smart charging technology,    P  O V E R , t   S C    , according to Equation (6):


   ∀  t ∈ T   w h e n    P  t ,   E V S E   D E M   > 0    ∀  t ∈ T   j > 0        P  O V E R , t   S C   =  (   P  t , y f   F A C   −  P N  S M C   ·  n  C S   S M C   ·  k  E V S E , t , j   R E D    )  −  P  1 h   L I M    



(28)




knowing that:


   k  E V S E , t   R E D   = 1 −    k  E V S E , t    



(29)




thus:


   E  O V E R , t   S C   =  P  O V E R , t   S C   · 1   h  



(30)







The parameter    P  O V E R , t   S C     may take two values. If the constraint in power consumption is completely reduced (the difference referred to in Equation (34) will be less than or equal to 0) by applying smart charging technology, the parameter    P  O V E R , t   S C     will take values of 0, i.e., the constraint will be removed. Otherwise, it will continue to exist and will be equal to the aforementioned difference. Thus:


   P  O V E R , t   S C   =  {      0 ,   i f    (     P  t , y f   F A C   −  P N  S M C   ·  n  C S   S M C   ·  k  E V S E , t   R E D    )  −  P  1 h   L I M   ≤ 0         e l s e    P  O V E R , t   S C          



(31)







The aforementioned actions can be written using the following Algorithm 1:






	Algorithm 1. Procedure of using smart charging technology in eliminating power constraints



	
	(1)

	
START: Calculate the forecast for electricity and power demand and generation for each hour of the year t.




	(2)

	
Input into the energy management system data on the maximum power consumed by the end user in hour t—   P  1 h   L I M    . Assume multi-variant scenarios of power system operation.




	(3)

	
Compare the values of the energy balance of the facility,    P  t , y f   F A C   ,   and the maximum that can be consumed by the end user,    P  1 h   L I M    , without use of energy from EVs.




	(4)

	
CHECK: Are there power overruns at hour t due to the potential occurrence of unfavorable conditions in the power system (   P  O V E R , t   ≥ 0 )  ?



YES: Potential countermeasures have to be applied to reduce the power consumed in a given hour. Save the overrun values. Proceed to analysis in day n − 1—step (5).



NO: Finish the assessment of the problem of overruns of contracted consumed power.




	(5)

	
Run the procedure of the potential use of EVs to mitigate the negative effects of power constraints. Calculate the available power and energy from the EVs. Update the forecast of demand and generation for each hour (t).




	(6)

	
Analyze the set of EVs in the end user’s fleet (target is all EVs, including private ones) and operate them within a dedicated ICT system, which allows us to monitor the parameters of EVs,




	(7)

	
Compare the values of the energy balance of the facility,    P  t , y f   F A C   ,   and the maximum that can be consumed by the end user,    P  1 h   L I M    , including the use of EV battery capacity.




	(8)

	
CHECK: Are there power overruns at hour t due to the occurrence of unfavorable conditions in the power system (signal from TSO) or the normal operations of the power system, while using distributed generation resources and a set of end-user EVs (   P  O V E R , t   ≥ 0 )  ?



YES: Apply countermeasures to reduce the power consumed in a given hour. Save the overrun values.



NO: Finish the assessment of the problem of overruns of contracted consumed power.




	(9)

	
CHECK: At hours when    P  O V E R , t   ≥ 0  , are the EVs being connected, i.e.,    P  t ,   E V S E   D E M   > 0  ?



YES: Use smart charging (SC) and V2B technology to reduce the power consumed by the object. Go to step (10).



NO: Finish the algorithm. Apply countermeasures in the form of diesel generators or stationary energy storage facilities.




	(10)

	
Read EV data from the local ICT system and see which are connected to the SC and V2B charging points—analysis of sets    N  u E V   F 1     and    N  u E V   F 2    .




	(11)

	
Determine EV charging power.




	(12)

	
Set the degree of reduction according to the coefficient    k  E V S E , t   R E D    .




	(13)

	
Calculate the EV charging reduction power in SC technology, and then calculate the new overrun value,    P  O V E R , t   S C    .



IF:    P  O V E R , t   S C   ≤ 0  , THEN: Take the value of this constraint equal to 0. The constraint has been eliminated.



ELSE: Take the value of the constraint    P  O V E R , t   S C    , and then go to step (14).




	(14)

	
Repeat steps (12) and (13) until the reduction possibilities are fully depleted, i.e., the entire j-element set of    k  E V S E , t   R E D     coefficients has been used.




	(15)

	
CHECK: If there are further overruns of    P  O V E R , t   S C     after step (14):



YES: Define the values of these overruns and proceed to solve the problem with V2B (Algorithm 2).



NO: Finish. Overruns have been eliminated. There is no need to use V2B technology.














After analyzing Algorithm 1, there may be a reason to use V2B technology. As mentioned earlier, it has been assumed that the EVs described using the    N  u E V   F 2     set can be used for sharing their battery capacity for the benefit of removing the power rationing constraints for the end user under analysis. Based on Equations (13) and (20), it was possible to calculate, for each EV belonging to the    N  u E V   F 2     set, the amount of electricity that can be sent from the battery to the end user under V2B technology. Thus, the result of this operation was a vector:


   E  D I S , m   =  [       E  D I S , 1          E  D I S , 2        ⋮     ⋮       E  D I S , o        ]   



(32)







The total volume of electricity available from the o-th number of EVs is equal to:


   E  D I S   T O T   =   ∑   m = 1  o   E  D I S , m    



(33)







Then, it is necessary to divide the hours t into 24 h periods corresponding to one day. One should assign the    P  O V E R , t   S C     constraint values to the respective hours (t) of the year, and therefore also to the days. Then, the values of    P  O V E R , t   S C     should be ranked, along with the respective hours of the day from smallest to largest. The aim of employing this measure was to identify the hours in which electric vehicles using V2B could reduce as many overruns as possible. The conditions for verifying the proper use of V2B technology were to model whether the EVs are or will be on the site during the selected time interval for the elimination of the selected constraints, whether the total discharge power is greater than the overrun power,    P  O V E R , t   S C    , and whether it is not greater than the technical capacity to transmit power from the EV to the consumer, also taking into account the number of EV discharge points. If the total discharge power,    P  D I S , t   ,   is less than the overrun power,    P  O V E R , t   S C    , it is necessary to take the maximum value of the    P  D I S , t     value equal to the ratio of the total energy stored in the EV and the unit of time (1 h). After checking which constraints have been removed and for which hours, it was necessary to calculate new constraint values—   P  O V E R , t   S C + V 2 B    . Thus, the value of    P  D I S , t       can take the following forms, depending on whether the aforementioned conditions are met:


    P   D I S , t   =         P   O V E R , t   S C   ,     i f       E   D I S   T O T     1   h   ≤     n   C S   V 2 B     · P   N   V 2 B   a n d       E   D I S   T O T     1   h   ≥     P   O V E R , t   S C             n   C S   V 2 B     · P   N   V 2 B   ,     i f         E   D I S   T O T     1   h   >   n   C S   V 2 B     · P   N   V 2 B             E   D I S   T O T     1   h   ,     i f       E   D I S   T O T     1   h   ≤     n   C S   V 2 B     · P   N   V 2 B   a n d       E   D I S   T O T     1   h   <   P   O V E R , t   S C          



(34)







Lastly, it remained to check whether the power rationing constraints were retained:


   P  O V E R , t   S C + V 2 B   =  {      0 ,   i f    (     P  O V E R , t   S C   −  P  D I S , t    )  −  P  1 h   L I M   ≤ 0         e l s e    P  O V E R , t   S C + V 2 B          



(35)






   E  O V E R , t   S C + V 2 B   =  P  D I S , t   · 1   h  



(36)







If not all the constraints have been removed, i.e., if there are still positive values after analyzing the individual times (t) using Equation (35), further countermeasures should be used; therefore, other energy sources, such as fixed electricity storage installations, gas engines, or even diesel generators should be employed. The measures derived from EV discharging should be carried out until there is available energy in the EV, i.e.,    E  D I S   T O T   > 0  . For the aforementioned measures, the procedure for using V2B technology in the elimination of power consumption constraints is as follows:






	Algorithm 2. Procedure of using V2B technology in eliminating power constraints



	
	(1)

	
START: Define the hours (t) for which power overruns occur after applying smart charging technology and provide the values of these limits,    P  O V E R , t   S C    .




	(2)

	
CHECK: Is/will every n-th EV used for V2B technology be on the site for hours t with further constraints    P  O V E R , t   S C    ?



YES: Specify their   S O  C  t , n    . Go to step (3).



NO: Calculate/estimate their distance to the discharging point and calculate   S O  C  t , n    . Go to step (3).




	(3)

	
Using the parameters specified in the    N  u E V   F 2     set, calculate the available usable electrical energy found in the EV batteries. Specify the vector    E  D I S , m     and its total volume,    E  D I S   T O T    .




	(4)

	
For a given time period, rank the    P  O V E R , t   S C     constraints as follows: min → max




	(5)

	
Calculate the power overruns after applying V2B technology,    P  O V E R , t   S C + V 2 B    .



IF:    P  O V E R , t   S C + V 2 B   ≤ 0  , THEN: Take the value of this constraint equal to 0. The constraint has been eliminated. Go to step (6).



ELSE: Take the value of this constraint    P  O V E R , t   S C + V 2 B    , and then go to step (6).




	(6)

	
Subtract the volume of electricity resulting from the use of V2B technology,    E  O V E R , t   S C + V 2 B    , from the volume,    E  D I S   T O T    .




	(7)

	
CHECK: Is the difference from step (6) positive:    E  D I S   T O T   −  E  O V E R , t   S C + V 2 B   > 0  ?



YES: Go to step (8).



NO: Not all the constraints have been removed. Go to step (9).




	(8)

	
CHECK: If there are further overruns?



YES: Repeat steps (5)–(7).



NO: Finish the algorithm—all constraints have been removed with SC and V2B technologies.




	(9)

	
Define the overrun volumes and hours for which the EVs failed to remove the constraints. Apply other countermeasures and finish the algorithm.














At this stage, we know to what extent the use of electric vehicles contributed towards eliminating the constraints during the period of energy rationing; therefore, it was possible to calculate the efficiency ratio of V2B and SC technologies for a given end user as follows:


   k  e f f   E V   =   n  t  E V     n  t  T O T A L     · 100 %  



(37)




where    k  e f f   E V    —the efficiency ratio for eliminating the constraints during the power rationing periods with the use of EVs, expressed in %;   n  t  E V    —the number of hours (t) in which the EVs eliminate the power consumption constraints; and   n  t  T O T A L    —the number of hours (t) in which power consumption constraints occurred.



Figure 3 shows a detailed block diagram of the proposed methodology for eliminating power demand constraints using EVs.




4. Case Study


4.1. Power Infrastructure


To validate the methodology described in Section 3, a case study was performed for the main campus of the Warsaw University of Technology (WUT). This article presents a continuation of the considerations started in [51]. The aforementioned article described the process of the detailed analysis of the power and energy demands of the WUT’s main campus and proposed 5 concepts for the development of campus energization based on low-carbon power generation and energy storage technologies. Based on [51], it can be concluded that the best concepts for the energization of the WUT’s main campus were the investments in hybrid RES installations, working alongside with diesel generators to ensure energy security (Concept 2), and ultimately full modernization of the campus power infrastructure (Concept 4), including:




	
Electricity generation through high-efficiency, gas-fired cogeneration and hybrid RES installations;



	
Installation of battery electricity storage facilities, as a means of protecting the facility (instead of diesel generators);



	
Establishment of carports, featuring shelters with PV installations, AC charging stations with smart charging, and DC charging stations with V2X technology;



	
Use of demand-side response (DSR) technology.








Figure 4 shows a satellite image of the WUT’s main campus area, divided into two parts (the TG zone and the BIS zone). Figure 5, however, presents a schematic diagram of the power supply to facilities on the WUT’s main campus, taking into account the planned infrastructure modernization according to Concept 4 (dashed lines, as well as all PV sources). Table 1 therefore summarizes the basic electrical data for the various distributed generation technologies planned to be installed on the WUT main campus under Concept 4 [51].



It was also necessary to estimate the forecast demand for electricity at 1-h intervals from 2023 to 2030. The method presented in [51] was also used for this purpose, but a certain modification was adopted, as mentioned in Equation (3). Figure 6 shows a graph of the annual electricity demand forecast for the WUT’s main campus. It should be noted that it was necessary to analyze every hour of the day during this study.



Based on these analyses, 24 h in the summer season (summer day—☼) and 24 h in the winter season (winter day—[image: Energies 17 00018 i001]) were selected. Daily baseline profiles were developed for the years 2023, 2027, and 2030. Table 2 shows the volumes of electricity consumed in consecutive hours of the day for the aforementioned profiles, and also the operating profiles of the generation technologies, which were previously defined in Table 1.




4.2. Modeling Constraints on the Consumption and Supply of Electricity to the End User


As previously mentioned, the crucial value against which the volume of demand for smart charging or V2B services will be determined is the amount of the power rationing constraint,    P  1 h   L I M    . In the analysis of the case study for the WUT’s main campus, the method for determining the power rationing constraints that are in force in Poland, the so-called “power supply tiers”, should be taken into account. The basis for power rationing constraint analyses is the values of contracted power and minimum and maximum hourly power demand in each mn-th month of the year. The methodology for determining the aforementioned values was set out in Regulation of the Council of Governments of November 8, 2021 on detailed rules and procedures for introducing restrictions on the sale of solid fuels and on the supply and consumption of electricity or heat [91]. We let    P  1 h ,   m n   m i n     denote the minimum level of power demand in the mn-th month of the year. For real-world analyses, the n − 1 year was considered relative to the year under study, while for the case study,    P  t ,   y f   D E M     should be taken as this value. Similarly,    P  1 h ,   m n   m a x     represents the maximum level of power demand in the mn-th month of the year.



According to the methodology adopted by the authors of [91], the values of    P  1 h ,   m n   m a x     and    P  1 h ,   m n   m i n     should be determined for each mn-th month of the year; then, the 3 worst records of each (the largest and the smallest, respectively) should be discarded, and the average value should be calculated from the remaining 9 records. We let      P  1 h , m n   m a x    ¯    denote the average value of the maximum power demands of the 9 mn-th months, and      P  1 h , m n   m i n    ¯    denote the average value of the minimum power demands of the 9 mn-th months.



Next, the “power supply tiers”, which reflect the energy demand levels up to which a customer can consume energy from the grid system, need to be defined. In Poland, there are “power supply tiers” ranging from 11 to 20 [91]. Table 3 shows the power value for each “power supply tier”. It is also worth noting that the aforementioned methodology applies to all consumers with a contracted power above 300 kW, excluding facilities or a separate part of facilities belonging to the following: critical infrastructure, the military, transportation related, television and radio broadcasting, electricity and heat generation infrastructure, and environmental protection infrastructure.



Based on the schematic diagram shown in Figure 3, the WUT’s main campus has 2 points of common coupling (PCC) to the power grid. With this being the case, this zone is still treated as a single installation unit with a total contracted power according to the regulations [91]. On each PCC, the contracted power is 2300 kW; so, for further analyses, the total contracted power level should be taken as 4600 kW. Thus, the WUT’s campus meets the criteria for the necessity of power constraints in subsequent “power supply tiers”, as described by the authors of [91], but excludes the part of the facility supplying the own needs of the sources described in the selected power infrastructure development concepts [51]. Table 4 shows the values of power constraints for the years 2023, 2027, and 2030, adopting the methodology for calculating power demand that has been described in Section 3 of this article.



Based on Table 4 and the analysis of the daily power demand profiles from 2019 to 2022 for the WUT’s main campus, it can be concluded that, according to the forecasts for 2023–2030, the power consumption in the 20th power supply tier is approximately equal to 50% of the ordinary value of the contracted power, i.e., that in the 11th power supply tier. Such a situation can occur when the conditions are most unfavorable, i.e., during university working hours. This is a huge challenge for the university authorities, who must ensure the continuity of operation of the primary business units, while saving as much electricity as possible.




4.3. EV Modeling


A key factor in the analyzed methodology for coping with limitations in electricity consumption and supply in Poland is the modeling of the number of electric vehicles, whose energy potential will be one of the remedies proposed to the WUT authorities for potential energy supply problems that could occur in the future. Figure 5 shows a power supply diagram of the main PW campus, where 30 electric vehicle charging points are marked. It was assumed that these 30 points will be located in the so-called BIS parking lot. From the point of view of this analysis, the interesting part is the “BIS”. This is where 30 charging points are planned to be located, integrated with parking shelters that will contain photovoltaic installations. The number of 30 points represents about 10% of all parking spaces in the BIS parking lot. The 30 charging stations considered were divided into 2 categories:




	(1)

	
22 kW AC charging points with smart charging functionality (21 units);




	(2)

	
DC charging points with a V2B functionality level of 50 kW (9 units).









Apart from the 30 charging stations listed above, a 50 kW electric vehicle charging station is also being considered. This station is currently located in the “TG” zone of the WUT’s main campus and will only be used for smart charging purposes. Several analytical simplifications were considered in order to facilitate the interpretation of the results. The mobility of electric vehicles, as well as the variability of their SOC, were not modeled, which means that in practice, it was assumed that they will always be connected to AC charging stations on weekdays between 8:00 a.m. and 4:00 p.m. and will perform a charging service at full power for 8 h. It was also assumed that smart charging with reduction levels determined using the coefficient    k  E V S E , t     will be implemented. This article assumed 5 levels of this coefficient; hence, the vector described in Equation (7) has 5 rows, as defined by the authors:


   k  E V S E , t   =  [     0      0.25       0.5       0.75      1     ]   



(38)




whereby the normal operating condition is defined via    k  E V S E , t   = 1  .



Table 5 shows the degree of power demand reduction from charging stations, matching the values of    k  E V S E , t     described in Equations (7) and (27).



It should be clarified that for the simplifications listed above, it was not necessary to model a set of vehicles,    N  u E V   F 1    , since it was assumed that due to the rotation of charged EVs, the AC charging points located at the BIS parking lot and the EV charging point located at the “TG” zone of the WUT’s main campus will be continuously used for 8 h.



The modeling of electric vehicles and the operation of 9 V2B charging points was found to be slightly different. It was assumed that there is 1 electric vehicle per V2B charging point. Thus, a set of vehicles,    N  u E V   F 2    , was determined by randomizing the parameters. The set of vehicles is presented in Equation (43), assuming the following constraints:


  S O  C  t , m   ∈ 〈 0.45 ; 0.95 〉  



(39)






  S O  C  f , m   ∈ 〈 0.2 ; 0.5 〉  



(40)






   C m  ∈ 〈 60   kWh ; 90   kWh 〉  



(41)






   t m S  = 8   h  



(42)






   N  u E V   F 2   =  [       I    D   m          S O    C    t  ,  m         S O    C    f  ,  m          C   m      [   k W h   ]       F    N  m        t   m   S      [  h  ]       1    0.89     0.31     82    2   8     2    0.55     0.45     76    2   8     3    0.88     0.42     89    2   8     4    0.7     0.34     69    2   8     5    0.84     0.25     81    2   8     6    0.55     0.26     77    2   8     7    0.47     0.35     87    2   8     8    0.84     0.44     88    2   8     9    0.91     0.2     90    2   8     ]   



(43)







Based on Equation (13), it is possible to calculate the amount of electrical energy that one electric vehicle is capable of providing from its battery. Thus, based on Equation (33), the volume of that energy can be calculated for 9 vehicles:


   E  D I S   T O T   =   ∑   m = 1  9   E  D I S , m   = 270   kWh  



(44)







It should be noted that the set of EVs providing V2B services will be concerned with a one-time use of the service. The assumption of this article was to test whether a certain set of EVs can handle the elimination of constraints in multiple power rationing scenarios at the WUT’s main campus. Thus, the defined set of parameters must be treated as fixed and homogeneous, and, therefore, the different operating conditions of the electrical infrastructure of the WUT’s campus described in Section 4.1 and Section 4.2 will be imposed on it.




4.4. Selected Scenarios of the Operation of the Electrical Power Infrastructure of the WUT’s Campus


As previously mentioned, this study analyzed the values of power supply constraints for the years 2023–2030, as outlined by the authors of [51]. Thus, it was necessary to analyze the constraints for the demand profiles selected in Section 4.1 for the years 2023, 2027, and 2030. By performing detailed analyses of the values in Table 4, it was determined that it was critical to focus on the 12th and 20th power supply tiers, as well as one of the power supply tiers that is within this range—the 16th tier in this research. Based on Equation (25), the overrun values that must be eliminated using the EVs were defined. They are presented in Table 6, Table 7 and Table 8.



Based on Table 6, Table 7 and Table 8, it can be noted that in the case of the occurrence of the 12th power supply tier, there is practically no overruns in contracted power consumption, which means that there are also no constraints to be eliminated. The exception was at 11 a.m. in the winter profile of 2030. The situation became more complicated at the 16th and 20th power supply tiers. In these cases, there were almost always overruns of the contracted power and thus constraints to be eliminated using EVs. It should also be noted that the hours for which they occurred matched the EV charging hours, which indicates that the use of smart charging technologies will be appropriate. It should also be remembered that when the power drawn is constant for 1 h, as mentioned in Equation (30), it will be equal to the volume of electricity drawn from the power system.





5. Results and Discussion of Using the Electric Vehicles in the Power Constraint Elimination Process


5.1. Smart Charging Technology


As mentioned in Section 4.4, the simulations of smart charging technology usage were performed for two demand profiles (summer/winter) in 2023, 2027, and 2030, and for three selected power supply tiers (12th, 16th, and 20th). The use of the reduced power values indicated in Table 5 has shown that the energy consumption constraints would be eliminated in subsequent iterations of the smart charging technology operation. Figure 7, Figure 8 and Figure 9 show the total number of removed power constraints using smart charging technology in the 12th, 16th, and 20th power supply tiers for the WUT’s main campus. It should be noted that for each year, these are the aggregated results for two profiles (winter and summer). This means that the total number of records analyzed for each year was equal to 48. The aforementioned figures also indicate the total number of recorded overruns of contracted power (i.e., constraints to be eliminated), as well as the remaining number of overruns (constraints to be eliminated) after the application of smart charging technology.



In the case of the 12th power supply tier, there was only one restriction to be eliminated (Table 6). It was also found that this constraint was removed through the use of smart charging technology, in which the reduction in charging power was 25%. Thus, there was no indication that V2B technology should be used in the next phase of this study.



In the case of the 16th power supply tier, there were eight constraints to be eliminated in 2023—all for the winter profile. This equivalated to 17% of the total records. Reducing the EV charging power by 25% had no effect for this case. Only increasing the reduction in EV charging power to 50% resulted in the elimination of one constraint (9 a.m.). The study therefore continued, and only by reducing the charging power by 100% were further constraints eliminated between 10 a.m. and 2 p.m., excluding 11 a.m. For 2027, a total of eight overruns were found—all also for the winter day. The use of smart charging technology allowed for the elimination of one constraint (overrun)—a 50% reduction in power for the 9 a.m. hour. The remaining constraints were left unresolved, despite the application of a 100% EV charging power reduction. For 2030, a total of eleven overruns (constraints to be eliminated) were detected—three for the summer profile and eight for the winter profile, and this equivalated to 23% of the total record. Overruns for the summer day were eliminated (during the hours of 1 p.m.–3 p.m.) by applying a 25% reduction in EV charging power. For the winter profile in 2030, only a 75% reduction in EV charging power eliminated one limitation by 9 a.m. The remaining contracted power overruns (restrictions to be eliminated) were maintained and required the use of V2B technology.



There were 20 constraints to be eliminated using EVs for the 20th power supply tier for 2023. This equivalated to 42% of the total records. Eleven of these were related to the winter profile, while nine of them applied to the summer profile. The use of smart charging technology only had an effect with a 50% reduction in EV charging power. Overruns at 8 a.m. and 4 p.m. on a summer day were then eliminated. In subsequent steps of a 75% reduction, the constraints at 9 a.m. and 11 a.m. on a summer day were eliminated. A 100% reduction in charging power in 2023 succeeded in eliminating overruns at 10 a.m. and 12 p.m., as well as at 8 a.m. on a winter day. For 2027, 21 constraints were detected to be eliminated (overruns of contracted power). This equivalated to 44% of the total records. Nine of these were for the summer day, while twelve were for the winter profile. For that year, EV charging power reduction was only effective when a 75% reduction was applied. It was then possible to remove the constraint for the hours of 8 a.m. and 4 p.m. on a summer day. For the winter day, the application of smart charging technology did not have the expected result—the need for V2B technology. For 2030, 21 restrictions were also recorded, and as for 2027, 9 of them were for the summer day and 12 were for the winter day. The only overrun (constraint) that was resolved was for a summer day at 8 a.m. For the remaining cases, V2B technology was needed.



Table 9 and Table 10 show the hours and values of the power constraints for which V2B technology will be required in 2023, 2027, and 2030 for the 16th and 20th power supply tiers. It should be added that the red color indicates the hours in which constraints were not eliminated, and the green color indicates the hours in which constraints were completely eliminated using SC technology.




5.2. V2B Technology


Table 9 and Table 10 show the daily values of contracted power overruns for the summer and winter days in 2023, 2027, and 2030 in the case of the 16th and 20th power supply tier events. As mentioned in Section 3, the analysis of the use of V2B technology, in case there will be a need to use it, begins by assessing the volume of electricity that can be obtained from the selected EVs. In Section 4, it was calculated to be equal to 270 kWh using Equation (44). Thus, the constraints to be eliminated shown in Table 9 and Table 10 were ranked for each case from smallest to largest, according to the methodology described in Section 3 (Algorithm 2). Assuming that the indicated overruns are expressed as average hourly power, this means that they are equal to electricity consumption. Discharge power was therefore assumed, according to Equation (34), equal to:


   P  D I S , t   =  P  O V E R , t   S C    



(45)







The use of V2B technology in practice to eliminate overruns (constraints) of contracted power is shown in Table 11 and Table 12. It should be added that the red color indicates the hours in which constraints were not eliminated, the green color indicates the hours in which constraints were completely eliminated using V2B technology, the blue color indicates those constraints that were partially eliminated, and the purple color indicates the hours and values of constraints that could be eliminated completely or partially; however, for this realization, it would be required that EVs belonging to the    N  u E V   F 2     set remain longer in the parking stands than initially assumed (base time: 8 a.m.–4 p.m.) as a result of ranking those values according to the methodology presented in Algorithm 2.



Based on Table 11, it can be concluded that in the case of the 16th power supply tier, due to the use of V2B technology as a complement to smart charging technology, all overruns (constraints) on the winter day for 2023 can be eliminated. In addition, the number of constraints for the winter day in 2027 was reduced by 29%, and for 1 out of 7 h the constraints were partially eliminated, reducing the value from 0.12 MW to 0.01 MW. For 2030, one restriction was completely removed, and one was partially removed (reducing the value from 0.23 MW to 0.15 MW). This means that it is possible to calculate the efficiency ratio of eliminating contracted power overruns during power rationing periods for the 16th power supply tier, according to Equation (37):


   k  e f f   E V    (    16   t h     P S T  )  =   16   27   · 100 % = 59.25 %  



(46)







Based on Table 12, it can be concluded that in the case of a 20th power supply tier, the use of V2B technology allows for the elimination of all constraints on a summer day in 2023. On the winter day of 2023, the overrun (constraint) of contracted power at 9 a.m. can be partially reduced. On the other hand, as a result of ranking the constraints, according to the methodology adopted in Algorithm 2, it is also possible to remove the 6 p.m. constraint, but then the vehicles would have to remain connected to the V2B bi-directional charging points until the end of that hour. Interestingly, between 10 a.m. and 5 p.m., vehicles would not be used. For the winter day in 2027, the 1 a.m. constraint was eliminated, but the 6 p.m. overrun could have also been partially eliminated; however, the conditions mentioned previously must be taken into account. In the summer day of 2027, three overruns were eliminated and one overrun would be partially eliminated. In 2030, only for the summer demand profile was it possible to eliminate the overruns (constraint) at 9 a.m. and 4 p.m. The constraints were partially eliminated at 11 a.m. on a summer day and 8 a.m. on a winter day. As for the case of the 16th power supply tier, the efficiency ratio of eliminating contracted power overruns during power rationing periods was calculated for the 20th power supply tier, according to Equation (37):


   k  e f f   E V    (    20   t h     P S T  )  =   19   62   · 100 % = 30.65 %  



(47)







Comparing the results of the ratios, it can be concluded that the declaration of a higher power supply tier will result in a significant reduction in the effectiveness of the ability to eliminate constraints/overruns of contracted power with EVs (from 59% to 30%). It should be noted that for the remaining hours, during which the discharge of electric vehicles or the reduction in charging power could not be applied, it was necessary to provide other countermeasures to maintain the normal operation of the university. Otherwise, if such countermeasures are not taken, it would be necessary to shut down additional electrical loads. From the university’s point of view, this could lead to a huge disruption in carrying out daily tasks related to research and the teaching process, or even to their cessation in extreme cases. Unfortunately, this ultimate disruption in the form of stopping classes and suspending research activities comes at a huge cost.




5.3. Other Aspects to Be Discussed


Eliminating power constraints with electric vehicles also involves aspects other than strictly technical ones. The first is the economic aspect. It should be borne in mind that EVs under normal operating conditions of the electric power system will most likely be charged using the end user’s electric power system or discharged if the owner of such a vehicle agrees, and there are appropriate economic reasons. As a general rule, EVs should be discharged at times of peak power demand in such a way as to reduce the cost of purchasing electricity from the grid (the customer’s tariff price will be the benchmark) or, if the customer had its own power generation infrastructure, to maximize the profit from electricity sales [38,92]. This could also be a reason for further research in this area to develop forecasting tools that take into account the sale of electricity in the day-ahead market on power exchanges [93,94]. However, in the emergency mode of operation of the power system, the most important thing is to ensure the continuous supply of electricity and, at the same time, to avoid the cost resulting from its non-delivery. In the theory of power system reliability and energy security, this cost has been described using the VoLL (value of lost load) [43]. As part of further research, the authors of this article will attempt to assess the cost of not supplying electricity to individual organizational units of the university. It should be mentioned that currently this cost is calculated for many industries, such as specific industries, services, public administration, and households, but no information was found on the cost of not supplying energy for the education/research university sector. A survey of WUT departments is currently being conducted to estimate such costs. It should also be taken into account that failing to reduce power to the assigned power supply tier also incurs fines. Under the current laws in Poland, the national energy market regulator can impose a penalty of up to 15% of a given company’s revenue in the previous fiscal year [95]. It is also worth mentioning that EV discharging should also involve economic incentives in the form of covering the cost of excessive EV battery degradation [96]. The second aspect to be addressed in the operation of EVs and their potential use in the process of eliminating power constraints is the environmental issue. It seems reasonable that in order to fully assess whether the use of EVs in such a process is beneficial, an analysis of unit emissions into the atmosphere should be conducted [97]. To the best of the authors’ knowledge, no such study has been found at this point, which may be a reason to launch further research in this area. When analyzing the method of supplying electricity to the end user’s installation, the authors suggest that, for such analyses, the CO2 emission rate resulting from the prior charging of such an EV in terms of the battery capacity that will be made available for the elimination of power constraints should be compared with the CO2 emission rate allocated to other methods of supplying electricity (e.g., by means of a diesel generator) in terms of this volume. Such a study will make it possible to fully assess the usefulness and validity of using EVs in power constraint elimination processes.



The present study is also limited to the use of a fleet of EVs potentially owned by an end user. As mentioned in this article, this was due to the fact that currently electricity markets are not adapted to the sale of electricity from EVs [98]. This will undoubtedly be a huge challenge for national energy market regulators to properly and legally account for such customers. Nevertheless, it is to be expected that such a problem will need to be resolved in the near future. Once private vehicles could legally provide battery discharging services (V2X services), the necessity of providing the appropriate tools to search for electric vehicles and providing the service should be taken into account [90]. It is likely that this will be a significant logistical challenge, though, at least by having to take travel profiles into account [99].





6. Conclusions


This article presents detailed and in-depth research findings on the possibility of using electric vehicles to mitigate the negative effects of power rationing periods. It shows an idea or an approach that can be used by the facilities managers to provide another branch of internal energy services for maintaining the core business during the unfavorable operating conditions of the power system. It should be noted that the methodology developed does not only apply to universities. It can be successfully applied to all companies that will have EV fleets. If the appropriate legal situation arises, such solutions could also be used, for example, in shopping malls using private EVs (obviously as a paid service). Through the use of smart charging and V2B technologies, it was possible to try to eliminate contracted power overruns (power consumption constraints) in successive power supply tiers. It should be borne in mind that the development of electromobility will be the backbone of the energy transition in the years to come; hence, facility managers should be able to effectively use EVs. On the other hand, in countries that base their energy mix on coal- or oil-fired power plants, these units will be gradually phased out in the years to come, which may result in the relevant power system operators not having the required operating reserve to maintain grid operations. In such situations, and in cases of unfavorable power system operating conditions, operators can order end users to reduce their power. Through the use of EVs, it is precisely possible to reduce the negative effects, i.e., to suspend the current economic activity of the end user. Universities are a special case. In the literature, there are widespread studies on the assessment of the effects of non-delivery of electricity to industrial consumers or households; however, analyses concerning universities are practically non-existent. Given that university scientific personnel are among the leaders in developing cutting-edge technologies, implementing an EV efficiency program would be ideal. The conducted research has shown that it is possible to use EVs owned by university employees and EVs that are dedicated company vehicles for such purposes. In addition, combining them with other investments in distributed generation allows for the establishment of low-carbon countermeasures to address periods of power rationing. The results indicated that with the use of the proposed methodology, almost 60% of the constraints could be eliminated using distributed generation and EVs. To sum up, the following items were accomplished as part of the conducted research:




	
The authors’ concept (idea) of using EVs in the elimination of power constraints was developed by means of a research methodology;



	
Application of the new method of analyzing the power and energy demands of a non-residential building to assess the usefulness of EVs as a form of mobile energy storage during power rationing periods;



	
Developing a mathematical model of the EV discharging service to the end user to eliminate power constraints;



	
The novel efficiency factor to eliminate power constraints using electric vehicles has been developed.








Further research should be carried out to implement a demonstrator of the solution designed in this research, which will be integrated using real applications of energy management systems, taking into account existing standards and protocols, as well as the evaluation of the cost of not supplying consumers with electricity, with a particular focus on the university sector. As mentioned in Section 5.3, further studies should also assess environmental aspects. This will allow for evaluating the full-scale viability of using EVs as a countermeasure in the process of eliminating power constraints. In addition, the possibilities of designing special vehicles that will only provide emergency services through the use of additional BESSs built into them, or with the use of other electricity storage techniques, should be considered.
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Main Variables




	    C n    
	Nominal capacity of the battery of n-th electric vehicle, in kWh



	    k  E V S E , t     
	The factor that determines the level of power consumed by a given charging point in hour t



	    k t  D E M     
	A correction coefficient indicating the trend towards an increase or decrease in the electricity demand of the studied facility



	    N  u E V     
	The total set of electric vehicles



	    P  1 h   L I M     
	The value of hourly power that can be consumed by a given end user, in kW



	    P  O V E R , t     
	Power overruns in each hour of the year t, in kW



	    P  t ,   E V S E   D E M     
	Power drawn from all charging points in the facility, in kW



	    P  t ,   G R   G E N     
	Generated capacity of distributed generation technologies at the analyzed facility, in kW



	    P t  F A C     
	The power balance of the facility under study, at hour t, in kW



	    P t  D E M     
	One-h power demand of the studied facility, in kW



	   S O  C n    
	The state of charge of the n-th vehicle’s battery



	   T E C  H i    
	The set of distributed generation technologies planned for operation at the analyzed facility



	  t  
	Hour of the year



	   u E  V n    
	Vector describing the parameters of the n-th electric vehicle



	   y f   
	Target year of investment in the distributed generation technologies or charging points



	   y p l   
	Year for which we have historical electricity consumption data







Abbreviations




	BESS
	Battery storage system



	DLM
	Dynamic load management



	DSR
	Demand-side response



	EMS
	Energy management system



	EV
	Electric vehicle



	EVSE
	Electric vehicle supply equipment



	ICT
	Information and communication technologies



	LOLE
	Loss of load expectation



	PV
	Photovoltaic installation



	RES
	Renewable energy source



	SC
	Smart charging



	SOC
	State of charge



	TSO
	Transmission system operator



	V2B
	Vehicle to building



	V2G
	Vehicle to grid



	V2H
	Vehicle to home



	V2X
	Vehicle to everything
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Figure 1. Values of the LOLE indicator for 2023–2030 based on the data from the Polish transmission system operator [48]. 
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Figure 2. General block diagram of the proposed methodology. 
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Figure 3. Block diagram of the proposed approach of using EVs as a countermeasure during power supply constraints. 
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Figure 4. Satellite image of the WUT’s main campus. 
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Figure 5. Schematic diagram of the power supply system at the Warsaw University of Technology’s main campus, including the plans for refurbishment with regard to Concept 4 presented in [51]. 
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Figure 6. Forecast of annual electricity demand at the WUT’s main campus from 2023 to 2030. 
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Figure 7. Number of constraints eliminated through the use of smart charging technology during the 12th power supply tier for the WUT’s main campus. 
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Figure 8. Number of constraints eliminated through the use of smart charging technology during the 16th power supply tier for the WUT’s main campus. 
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Figure 9. Number of constraints eliminated through the use of smart charging technology during the 20th power supply tier for the WUT’s main campus. 
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Table 1. Electrical data of the power sources that have been planned to be installed at the WUT’s main campus under Concept 4 [51].
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	Distributed Generation Technology
	Capacity (kW)
	Estimated Yearly Generation of Electricity (MWh)





	Rooftop PV power plant
	320
	334.364



	Parking shelter (carport) PV power plant
	650
	730.029



	Micro wind turbines
	30
	71.582



	Gas power plant
	800
	6240.000










 





Table 2. Daily demand and distributed generation electricity production profiles of the WUT’s main campus without the EVSE.
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Hour

	
Demand 2023 (MWh)

	
Demand 2027 (MWh)

	
Demand 2030 (MWh)

	
Generation Rooftop PV (kWh)

	
Generation Parking Shelter PV (kWh)

	
Generation Wind Turbines (kWh)

	
Generation Gas Turbine (kWh)
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1

	
1.58

	
1.42

	
1.85

	
1.66

	
2.08

	
1.87

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
3.57

	
800




	
2

	
1.57

	
1.40

	
1.84

	
1.64

	
2.07

	
1.84

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
7.24

	
800




	
3

	
1.57

	
1.39

	
1.83

	
1.63

	
2.06

	
1.83

	
0.00

	
0.00

	
0.00

	
0.00

	
0.59

	
2.32

	
800




	
4

	
1.56

	
1.37

	
1.83

	
1.61

	
2.06

	
1.81

	
0.00

	
1.67

	
0.00

	
3.65

	
4.61

	
4.43

	
800




	
5

	
1.56

	
1.40

	
1.83

	
1.63

	
2.05

	
1.84

	
0.00

	
9.38

	
0.00

	
20.47

	
1.69

	
2.19

	
800




	
6

	
1.61

	
1.51

	
1.88

	
1.77

	
2.12

	
1.99

	
0.00

	
18.04

	
0.00

	
39.38

	
2.49

	
3.52

	
800




	
7

	
1.80

	
1.70

	
2.11

	
1.98

	
2.37

	
2.23

	
0.00

	
53.72

	
0.00

	
117.30

	
2.85

	
6.10

	
800




	
8

	
2.00

	
1.99

	
2.34

	
2.32

	
2.64

	
2.61

	
0.00

	
57.53

	
0.00

	
125.61

	
8.60

	
5.53

	
800




	
9

	
2.41

	
2.19

	
2.82

	
2.56

	
3.18

	
2.88

	
15.34

	
80.84

	
33.49

	
176.50

	
20.12

	
5.82

	
800




	
10

	
2.70

	
2.37

	
3.16

	
2.77

	
3.55

	
3.12

	
19.62

	
124.86

	
42.83

	
272.60

	
7.05

	
1.41

	
800




	
11

	
2.89

	
2.50

	
3.38

	
2.93

	
3.80

	
3.30

	
29.70

	
209.33

	
64.85

	
457.05

	
6.33

	
2.25

	
800




	
12

	
2.92

	
2.54

	
3.41

	
2.98

	
3.84

	
3.35

	
99.76

	
179.66

	
217.82

	
392.25

	
2.26

	
15.73

	
800




	
13

	
2.94

	
2.59

	
3.44

	
3.03

	
3.87

	
3.41

	
88.16

	
163.66

	
192.49

	
357.31

	
2.45

	
19.79

	
800




	
14

	
2.94

	
2.58

	
3.44

	
3.01

	
3.87

	
3.39

	
95.73

	
160.96

	
209.01

	
351.43

	
3.98

	
6.97

	
800




	
15

	
2.84

	
2.43

	
3.32

	
2.84

	
3.73

	
3.19

	
37.44

	
94.91

	
81.73

	
207.21

	
1.60

	
22.46

	
800




	
16

	
2.71

	
2.20

	
3.17

	
2.58

	
3.56

	
2.90

	
5.00

	
135.84

	
10.92

	
296.57

	
0.00

	
13.21

	
800




	
17

	
2.48

	
2.01

	
2.91

	
2.35

	
3.27

	
2.65

	
0.00

	
71.66

	
0.00

	
156.45

	
7.56

	
7.33

	
800




	
18

	
2.22

	
1.84

	
2.60

	
2.15

	
2.92

	
2.42

	
0.00

	
23.32

	
0.00

	
50.91

	
3.19

	
6.58

	
800




	
19

	
1.98

	
1.67

	
2.32

	
1.96

	
2.61

	
2.20

	
0.00

	
10.64

	
0.00

	
23.23

	
0.00

	
16.82

	
800




	
20

	
1.80

	
1.57

	
2.11

	
1.84

	
2.37

	
2.07

	
0.00

	
2.66

	
0.00

	
5.81

	
0.61

	
6.64

	
800




	
21

	
1.68

	
1.53

	
1.96

	
1.79

	
2.21

	
2.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.70

	
800




	
22

	
1.60

	
1.45

	
1.87

	
1.70

	
2.11

	
1.91

	
0.00

	
0.00

	
0.00

	
0.00

	
0.91

	
0.00

	
800




	
23

	
1.52

	
1.43

	
1.78

	
1.68

	
2.00

	
1.89

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
800




	
24

	
1.51

	
1.42

	
1.77

	
1.66

	
1.99

	
1.87

	
0.00

	
0.00

	
0.00

	
0.00

	
5.44

	
0.00

	
800











 





Table 3. Maximal power values for polish end users in each power supply tier based on [91].
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	Power Supply Tier
	Maximal Power to Be Drawn from the Grid (kW)





	11
	   P  C O N    —contracted power (with DSO)



	12
	      P  1 h , m n   m a x    ¯    



	13 ÷ 19
	   (     P  1 h , m n   m a x    ¯  ,    P  1 h , m n   m i n    ¯   )   ; each tier is reduced by        P  1 h , m n   m a x    ¯  −    P  1 h , m n   m i n    ¯   8   



	20
	      P  1 h , m n   m i n    ¯    










 





Table 4. Maximal power values for the WUT’s main campus in each power supply tier in 2023, 2027, and 2030.
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	Power Supply Tier
	Maximal Power in 2023 (kW)
	Maximal Power in 2027 (kW)
	Maximal Power in 2030 (kW)





	11
	4600.00
	4600.00
	4600.00



	12
	2574.16
	3011.41
	3387.42



	13
	2413.72
	2823.72
	3176.30



	14
	2253.28
	2636.02
	2965.17



	15
	2092.84
	2448.33
	2754.04



	16
	1932.40
	2260.64
	2542.91



	17
	1771.97
	2072.95
	2331.79



	18
	1611.53
	1885.26
	2120.66



	19
	1451.09
	1697.57
	1909.53



	20
	1290.65
	1509.87
	1698.40










 





Table 5. Relationship between the coefficient    k  E V S E , t     and the reduction power of EV charging stations.
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	     k  E V S E , t      
	The Rate of Reduction in the Power Demand of Charging Stations,     k  E V S E , t , j   R E D      (%)





	0
	   100 %   



	0.25
	75%



	0.5
	50%



	0.75
	25%



	1
	0%










 





Table 6. Overruns of contracted power at the WUT’s main campus in the 12th power supply tier in 2023, 2027, and 2030.
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12th Power Supply Tier Overruns 2030 (MW)
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1

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
2

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
3

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
4

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
5

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
6

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
7

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
8

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
9

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
10

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
11

	
0.00

	
0.00

	
0.00

	
0.00

	
0.02

	
0.00




	
12

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
13

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
14

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
15

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
16

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
17

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
18

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
19

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
20

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
21

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
22

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
23

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
24

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00











 





Table 7. Overruns of contracted power at the WUT’s main campus in the 16th power supply tier in 2023, 2027, and 2030.
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1

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
2

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
3

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
4

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
5

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
6

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
7

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
8

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
9

	
0.12

	
0.00

	
0.21

	
0.00

	
0.28

	
0.00




	
10

	
0.41

	
0.00

	
0.54

	
0.00

	
0.65

	
0.00




	
11

	
0.57

	
0.00

	
0.73

	
0.00

	
0.87

	
0.00




	
12

	
0.38

	
0.00

	
0.55

	
0.00

	
0.69

	
0.00




	
13

	
0.44

	
0.00

	
0.61

	
0.00

	
0.76

	
0.04




	
14

	
0.41

	
0.00

	
0.58

	
0.00

	
0.73

	
0.04




	
15

	
0.50

	
0.00

	
0.65

	
0.00

	
0.78

	
0.04




	
16

	
0.47

	
0.00

	
0.60

	
0.00

	
0.71

	
0.00




	
17

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
18

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
19

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
20

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
21

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
22

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
23

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
24

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00











 





Table 8. Overruns of contracted power at the WUT’s main campus in the 20th power supply tier in 2023, 2027, and 2030.
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1

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
2

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
3

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
4

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
5

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
6

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
7

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
8

	
0.42

	
0.22

	
0.54

	
0.34

	
0.64

	
0.44




	
9

	
0.77

	
0.35

	
0.96

	
0.50

	
1.12

	
0.63




	
10

	
1.05

	
0.39

	
1.29

	
0.57

	
1.49

	
0.73




	
11

	
1.21

	
0.26

	
1.48

	
0.46

	
1.71

	
0.64




	
12

	
1.02

	
0.38

	
1.30

	
0.59

	
1.53

	
0.77




	
13

	
1.08

	
0.47

	
1.36

	
0.69

	
1.60

	
0.89




	
14

	
1.05

	
0.48

	
1.33

	
0.70

	
1.57

	
0.88




	
15

	
1.14

	
0.52

	
1.40

	
0.72

	
1.63

	
0.88




	
16

	
1.11

	
0.18

	
1.35

	
0.33

	
1.56

	
0.47




	
17

	
0.39

	
0.00

	
0.59

	
0.00

	
0.76

	
0.00




	
18

	
0.13

	
0.00

	
0.28

	
0.00

	
0.42

	
0.00




	
19

	
0.00

	
0.00

	
0.01

	
0.00

	
0.11

	
0.00




	
20

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
21

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
22

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
23

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
24

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00











 





Table 9. Overruns of contracted power at the WUT’s main campus in the 16th power supply tier in 2023, 2027, and 2030 after using smart charging technology.
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0
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0

	
0
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0

	
0

	
0

	
0

	
0

	
0
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0

	
0

	
0.08

	
0

	
0.19

	
0




	
11

	
0.10

	
0

	
0.27

	
0

	
0.41

	
0




	
12

	
0

	
0

	
0.08

	
0

	
0.23

	
0




	
13

	
0

	
0

	
0.15

	
0

	
0.29

	
0




	
14

	
0

	
0

	
0.12

	
0

	
0.26

	
0




	
15

	
0.03

	
0

	
0.19

	
0

	
0.32

	
0




	
16

	
0.01

	
0

	
0.14

	
0

	
0.25

	
0




	
17

	
0

	
0

	
0

	
0

	
0

	
0




	
18

	
0

	
0

	
0

	
0

	
0

	
0




	
19

	
0

	
0

	
0

	
0

	
0

	
0




	
20

	
0

	
0

	
0

	
0

	
0

	
0
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0

	
0

	
0

	
0
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0
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0

	
0
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0
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0
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0

	
0

	
0

	
0
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Table 10. Overruns of contracted power at the WUT’s main campus in the 20th power supply tier in 2023, 2027, and 2030 after using smart charging technology.






Table 10. Overruns of contracted power at the WUT’s main campus in the 20th power supply tier in 2023, 2027, and 2030 after using smart charging technology.





	
Hour

	
20th Power Supply Tier Overruns 2023 (MW)

	
20th Power Supply Tier Overruns 2027 (MW)

	
20th Power Supply Tier Overruns 2030 (MW)




	
[image: Energies 17 00018 i001]

	
☼

	
[image: Energies 17 00018 i001]

	
☼

	
[image: Energies 17 00018 i001]

	
☼




	
1

	
0

	
0

	
0

	
0

	
0

	
0




	
2

	
0

	
0

	
0

	
0

	
0

	
0




	
3

	
0

	
0

	
0

	
0

	
0

	
0




	
4

	
0

	
0

	
0

	
0

	
0

	
0




	
5

	
0

	
0

	
0

	
0

	
0

	
0




	
6

	
0

	
0
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0

	
0

	
0
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0

	
0.08

	
0

	
0.18
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0.30
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0.49

	
0.04

	
0.66

	
0.17
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0.59

	
0

	
0.83

	
0.11

	
1.03

	
0.27
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0

	
1.02

	
0.001
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0.18
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0.13

	
1.07

	
0.31
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0.23

	
1.11
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0.004
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0

	
0.59
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0.76
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0

	
0.28

	
0

	
0.42
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0

	
0

	
0.01

	
0
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0
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Table 11. Overruns of contracted power at the WUT’s main campus in the 16th power supply tier in 2023, 2027, and 2030 after using the smart charging and V2B technologies.
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Table 12. Overruns of contracted power at the WUT’s main campus in the 20th power supply tier in 2023, 2027, and 2030 after using the smart charging and V2B technologies.
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