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Abstract

:

With the pervasiveness of electric vehicles and an increased demand for fast charging, stationary high-power fast-charging is becoming more widespread, especially for the purpose of serving pure electric buses (PEBs) with large-capacity onboard batteries. This has resulted in a huge distribution capacity demand. However, the distribution capacity is limited, and in some urban areas the cost of expanding the electric network capacity is very high. In this paper, three battery energy storage system (BESS) integration methods—the AC bus, each charging pile, or DC bus—are considered for the suppression of the distribution capacity demand according to the proposed charging topologies of a PEB fast-charging station. On the basis of linear programming theory, an evaluation model was established that consider the influencing factors of the configuration: basic electricity fee, electricity cost, cost of the energy storage system, costs of transformer and converter equipment, and electric energy loss. Then, a case simulation is presented using realistic operation data, and an economic comparison of the three configurations is provided. An analysis of the impacts of each influence factor in the case study is discussed to verify the case results. The numerical results indicate that the appropriate BESS configuration can significantly reduce the distribution demand and stationary cost synchronously.
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1. Introduction


The energy and environmental crises have become increasingly serious with the advancement of human society: an escalating energy demand, the exhaustive nature of fossil fuels, and CO2 emissions are among the major threats [1]. There is a universal consensus that in order to achieve the goals of sustainable development and a low-carbon economy in the transportation field, transport electrification, exemplified by electric vehicles (EVs), must be implemented worldwide [2]. Replacing fossil fuel vehicles with EVs can also provide health benefits to people by reducing air pollution [3].



With the rapid development of battery technology, a recharge running range of greater than 100 km on a battery charged for less than 10 min in the fast charging mode is easily achievable [4]. Additionally, high-power direct current (DC) fast charging has become available and popular. Compared with normal alternating current (AC) charging and battery-swapping charging, DC fast charging has a shorter recharging duration and lower investment for different types of spare battery packs or vehicles [5,6]. The pure electric bus (PEB) has characteristics that are distinct from those of private EVs: namely, the PEB has a larger onboard battery, operates in strict accordance with a route schedule, and is charged at the driver’s will at a fixed station with limited intervals. All of these factors lead to a greater distribution capacity demand and more severe charging load fluctuations [7]. Moreover, the investment needed to expand the distribution capacity is huge, particularly in big cities; for example, expansion of the power grid capacity in Beijing is estimated to cost 1500 USD/kVA. With the city distribution network operating under heavy load, the plan to implement public transport electrification may face considerable challenges [8].



To promote the collaborative development between EVs and the distribution network, some research has focused on the optimization of charging EV to best use the existing power sources or reduce the charging electricity cost. A model of the impacts of EV charging station load on the distribution network was established in [9], and it used several influence factors: voltage stability, reliability, power loss, and economic loss by voltage deviation. The results of a detailed simulation with the IEEE 33 bus test system illustrated the influence of EV charging station load on the distribution network. The research was on the distribution network level, the suppression of distribution capacity demand of fast-charging station was not mentioned. The authors of [10] proposed a charging schedule planning method that was based on an actual electric bus system, and they effectively reduced the electricity cost with three-level time-of-use (TOU) tariffs. The charging power was 50 kW for a single route of ten electric buses, but the influence of the distribution capacity was not considered. In another study, a daytime charging strategy with a charging price for private EVs was proposed, and the charging cost was practically reduced by achieving maximum utilization of photovoltaic power combined with distribution capacity constraints [11]. The authors in [12] presented a coordinated charging strategy for electric taxis in a temporal and spatial domain, and a Particle Swarm Optimization (PSO) algorithm was used to balance the charging load dispatch among different stations, as well as the charging times for the electric taxis. These studies have concentrated on private EVs or electric taxis with distribution capacity constraints, and their aim has been to improve charging costs. On the other hand, the distribution capacity demand of a PEB fast charging station, as well as the charging power which is as high as several hundred kilowatts, will continue to grow with the increasing number of PEBs and the accumulation of many necessary charging loads. Thus, more effective and direct strategies need to be developed to handle this issue.



Distributed energy resources (DERs) have been developed quickly and can be used effectively to meet the charging power demand in distribution networks and reduce EV owners’ basic electricity costs [13]. The charging load of a PEB fast charging station mostly occurs in the daytime and can be as high as several hundred kilowatts; this is different from the private EV, whose load primarily occurs at night and is only several kilowatts [14]. Photovoltaic power generation needs more space to generate more power, and wind power generation has anti-peak power and an allocation characteristic; therefore, neither of them is suitable for stations in cities. A gas turbine based combined cooling, heating and power system is economic and highly efficient, but it requires a reliable and sufficient gas supply [15]. The battery energy storage system (BESS) is widely used for peak power shaving in many scenarios; for example, it has been used as a buffer to reduce charging load fluctuations and to shave peak power [16]. For a fast charging station, the ability to suppress peak charging power primarily depends on the capacity of the BESS [17], and the economics of the BESS application determine the deployment scale. Besides that, charging topologies affect the configuration strategy. The authors in [18] proposed a DC bus concept for plug-in EVs and established a charging topology was established with a bipolar DC bus. The later was based on a central neutral-point clamped converter and provided a flexible connection to loads and electrical storage systems (ESSs) with higher voltage and power.



The authors of [19]—a study on fast charging stations for plug-in hybrid EVs—applied electrical storage systems to reduce the station’s operational costs and alleviate the negative impacts of its operation on the power grid. A BESS configuration model that was based on a general charging topology was proposed in [20], and it considered the investment costs and benefits of a BESS. As a result, the peak charging load of the PEB fast charging station significantly decreased. The authors in [21] established a business model of a private EV charging station with a stationary Li-ion battery pack. The model, which considered the battery lifetime, power charges, and electricity tariffs, was used to alleviate the high costs of power charges and grid investment, but the detailed configuration method and results were not given. An integer nonlinear programming model that incorporated the investment cost, lifespan, and time-of-use electricity price was proposed to estimate the value of an energy storage system (ESS) for the electric bus fast charging station, and the effectiveness of two kinds of Li-ion battery was compared [22]. However, only one kind of BESS configuration was researched, and energy loss was not included in the model. The authors in [23] explored the technical and economic suitability of coupling a ground ESS to a DC fast charge unit for mitigating the demand charges and lessening the impact on the local electricity network. However, neither the numerical value of the ESS configuration nor the influence factors were taken into account.



The published studies on the ESSs of charging stations have been mostly concerned with the aspects of optimized control strategies or economic estimation. To develop a BESS configuration of a high power PEB fast charging station, the following points needs to be established:

	
Charging topology: the possible configuration allocations and the size of a single BESS must be determined.



	
Integration points of the BESS: the charge-discharge power and energy loss are dependent on this factor.



	
Related influence factors: the model will be more accurate if more aspects are considered.








This work focuses on BESS configuration methods for a newly high power PEB fast-charging station in Beijing, and aims to establish an economical method of BESS configuration to suppress the distribution capacity demand. The present and improved charging topologies of the station were presented based on actual applications. Considering the charging topologies and load characteristics analyzed, three practical BESS configuration strategies are proposed, i.e., integrating the BESS with the AC bus, each charging pile, and the DC bus. In order to compare the investment costs and benefits of the three methods with time-of-use tariffs, a novel multi-objective cost model was established according to Linear Programming theory. Compare with the existing literature, the model includes the cost factors such as basic electricity fees, electricity cost, cost of the energy storage system, costs of the transformer and converter equipment, and electric energy loss. The electric energy loss of the transformers, converters, and battery by power flow was newly modeled, and the accumulated charge-discharge number was adopted in the model to evaluate the battery lifetime. A case simulation was carried out according to a realistic operation load and practical parameters. The most economical BESS capacity was determined, and the case study result was analyzed and verified through simulations for each influence factor.



The case results show that integrating the BESS with the DC bus is the most economical method at the given charging load. Relative to the station cost without a BESS, the BESS/DC strategy yields a reduction of 160.92 USD per day during the lifetime of the battery (8 years), and the peak charging power is reduced by 67.03%. Although the cost of transformers and converters is higher, integrating the BESS with the AC bus is the most effective method to suppress peak charging power. This research can be applied widely to evaluate the economics for the high-power PEB fast charging stations to suppress distribution capacity demand using a BESS. Furthermore, the study may be used to facilitate the application of PEBs in areas with limited distribution network resources and thus alleviate environmental problems.



The rest of this paper is organized as follows: charging topologies and BESS configuration strategies are presented in Section 2. In Section 3, novel models of BESS configuration and a solution method are developed in detail. The case simulation and analysis of each influence factor are detailed in Section 4. Then, Section 5 presents the discussion. Finally, conclusions are put forth in Section 6.




2. Scenarios of BESS Configuration


2.1. Charging Topologies


As the important infrastructure for transportation electrification, the charging station plays a key role in the application of EVs. In the public transportation field, due to the plan that more than 10,000 PEBs will be deployed in Beijing in three years, PEB fast-charging stations are quickly emerging. The service mode of the stations is determined by the PEB fleet operation characteristics. Due to the convenience of fleet operation and charging, the PEBs in the fleet are usually divided to different lines and charged at a designated station, the launch or the terminal PEB fast charging station. The scale of the charging station and the distribution capacity depend on the number of PEBs to be served. Due to the great onboard battery capacity (119.2 kWh) and limited charging interval (usually less than 15 min), the piles’ rated charging power the new fast charging station is as high as 450 kW/750 V.



According to the charging power conversion procedure, the PEB fast charging systems in Beijing can be classified as two types: an applied type with an individual AC/DC conversion charging circuit (original type) and an under construction type with centralized AC/DC conversion with a DC bus (improved type). As shown in Figure 1a, the voltage of power is reduced from 10 kV to 380 V by the transformer, followed by conversion to DC 750 V by the AC/DC charging module for PEBs. In order to decrease the loss during voltage conversion, the improved type (shown in Figure 1b) adopts a DC bus that combines AC/DC conversion modules to meet the DC charging demand. A comparison of these two types of charging topologies reveals that the standby energy cost and equipment investment of the original type may be higher than the improved type, although the system’s operational control is simple.




2.2. Charging Load Charateristics


The studied PEB fast charging station described in this paper serves five bus lines and has eight configured charging piles. The PEBs randomly stop at the charging piles to charge when returning to the station. According to the running distance, onboard lithium battery capacity, and launch schedule, the charging duration is 5–12 min, and the rated charging power is 450 kW/750 V. Depending on the various working conditions and charging number, the realistic charging power is dynamic.



Due to random and high-power charging characteristics, the stationary peak charging power is extremely high, and the charging load fluctuations are substantial. The load curve produced by the eight charging piles is shown in Figure 2. The maximum peak charging power is 1595.0 kW, but the average charging power is only 321.7 kW. The charging load rate is 20.17%, and the daily charging electricity (from 06:00 to 22:00) is approximately 5146.8 kWh. According to the average charging power and charging load rate, the configured stationary distribution capacity is too large and uneconomical. In this context, the distribution network capacity should be significantly expanded to satisfy the large increase in charging demand duo to the fast-growing number of deployed PEBs. Thus, the expanded investment cost of the unit distribution capacity is nearly 1500 USD/kW in Beijing, and it may be very difficult to raise billionaire-level funds. Furthermore, it may seriously affect the development plan for low-carbon emission PEBs.




2.3. BESS Configuration Strategies


According to the existing and proposed charging topologies of PEB fast charging stations, there are three possible integration points: the AC bus, charging pile, and DC bus. The three BESS configurations are shown in Figure 3. Configuring the BESS at the AC bus side (Scenario 1) is the simplest method for an existing charging topology. Also, the charging load of the AC bus may be smoother than that of a single pile, due to the complementarity of the charging power of all piles in terms of time. Another configuration method is to integrate the BESS with each pile (Scenario 2) to regulate a single pile’s charging load. The advantage of this configuration is that the capacity of a single BESS may be small, and the electricity cost of AC/DC conversion can be saved, compared with the AC bus mode. For the proposed charging topology, the BESS connects to the DC bus (Scenario 3) and can directly provide or absorb DC power, so the efficiency of power conversion may be higher. These three BESS configurations each have different advantages. Their detailed performances for energy efficiency, equipment investment, electricity cost and battery capacity need to be further analyzed and compared using models and data.





3. BESS Configuration Model


The BESS configuration model contains related influence factors, objective functions and constraint conditions. We list the symbols used to describe the model in Table 1.



3.1. Models of Influence Factors


According to the BESS configuration strategies, we classified the economic influence factors of BESS allocation as follows: basic electricity cost of the station, charging electricity cost, investment of transformer and converters, energy conversion loss, and BESS cost. Then, the costs of all the factors in the mathematical model were defined and calculated to determine the daily cost during the BESS lifetime on the basis of those single objectives. The advantages and disadvantages of each factor of the three BESS configurations were then established. The objective functions of the influence factors are shown below.



	(1)

	
Basic electricity cost:


Wbasic=Cbasic⋅Ppeak



(1)




where Wbasic is the cost of basic electricity, which is composed of the basic electricity price and peak charging power of the PEB fast-charging station.




	(2)

	
Charging electricity cost:


Welec=∑t=1T∗Et⋅celec,t



(2)




where Et is the electricity consumption at time t, and Welec is the electricity cost of the charging station. celec,t is the time-of-use electricity tariff at time t.




	(3)

	
Investment of transformer and converters:


Wtrans.=(1+x%)⋅ctrans.⋅Etrans.⋅γ(1+γ)T(1+γ)T−1



(3)






Wconv.=(1+y%)⋅cP⋅Pconv.⋅γ(1+γ)T(1+γ)T−1



(4)




where Wtrans. and Wconv. are the translated daily investment of transformers and converters, respectively, of the charging topology during the entire lifetime [24].




	(4)

	
Energy conversion loss:


Wloss={Wloss_M1,Wloss_M2,Wloss_M3}



(5)






Wloss_M1=celec,t⋅∑t=1T∗(∑k=1N(Pk,t×Δt×η1×η2)+(Pchar,t×ηchar+|Pdisch,t|×ηdisch)×Δt×η2)



(6)






Wloss_M2=celec,t⋅∑t=1T∗∑k=1N(Pk,t+Pk,tchar×ηchar+|Pk,tdisch|×ηdisch)×Δt×η1×η2



(7)






Wloss_M3=celec,t⋅∑t=1T∗(∑k=1N(Pk,t)+Pchar,t×ηchar+|Pdisch,t|×ηdisch)×Δt×η1×η2



(8)




where Wloss_M1, Wloss_M2 and Wloss_M3 are the electric energy losses during the charging process of the three BESS configuration scenarios. η1, η2, ηchar and ηdisch are the efficiency of the transformer, AC/DC conversion, BESS charging, and discharging, respectively.




	(5)

	
Full lifetime cost of BESS. For the BESS, the energy capacity and charge-discharge power are the two key parameters affecting the cost [25]. The cycle lifetime of battery was introduce to the BESS cost model in [22], the new formulation of BESS full lifetime cost is as follows:


WBESS=WE_BESS+WP_BESS



(9)






WE=(1+z%)⋅cE⋅EBESS⋅γ(1+γ)T(1+γ)T−1



(10)






WP_BESS=(1+y%)⋅cP⋅PBESS⋅γ(1+γ)T(1+γ)T−1



(11)






Nchar,day=∑t=1T∗PBESS,t×ΔtEBESS,(PBESS,t> 0)



(12)






Ndisch,day=∑t=1T∗PBESS,t×ΔtEBESS,(PBESS,t< 0)



(13)






Tcycle_life=NsumNdisch,day



(14)




where WBESS is the full lifetime cost of the BESS, and WE and WP_BESS are the translated daily BESS battery costs and connected converter costs for the estimated lifetime in accordance with the initial investment. Nch,day and Ndisch,day are the number of the BESSs charging and discharging per day, respectively. Those variables are also used to calculate the cycle lifetime of the BESS. Tcycle_life is the calendar lifetime of the BESS. PBESS,t is the total power of the BESS in different scenarios at time t. Comparing the calendar lifetime and cycle lifetime, the minor value should be used in the cost calculation.








3.2. Objective Functions


When choosing construction strategies for a charging topology and battery energy storage system, an evaluation model containing the more influence factors is the better. Since the preference of operators may be different, the performance of the influence factors should be carefully defined. We introduced weight coefficients to the multi-objective functions to control for the effectiveness of each influence factor and transform multiple objectives into a single one. The overall objective function is shown below:


min(λ1Wbasic+λ2Welec.+λ3(Wtrans.+Wconv.)+λ4Wloss+λ5WBESS)



(15)








3.3. Model Constraints


As a constituent of a PEB fast-charging station, the operation of the BESS should be subject to the charging demand of PEBs and the charge-discharge limits of the lithium battery [26]. If using the BESS to reduce the distribution capacity demand, the total charging power will be satisfied by the distribution network and BESS output power. Besides that, the battery of the BESS must be charging and discharging under the safety state of charge (SOC) threshold value and charging rate.



	(1)

	
Total power balance:


Pgrid,t=Pt1+∑k=1n(Pk,tp+Pk,t2)+Pt3



(16)




where Pgrid,t is the power from the grid at time t; Pt1, Pt1, and Pt1 are the BESS power of configuration scenario 1, 2, and 3, respectively, at time t; charging power is indicated by +; discharging power is indicated by −; Pk,tp is the charging power of charging pile k at t; and t is the period of [t − 1,t].




	(2)

	
BESS energy balance: In order to achieve a sustainable operation of the BESS, the charging energy should match the discharging energy at the end of each operation cycle:


∑t=1T∗Pdisch,t⋅Δt=∑t=1T∗Pchar,t⋅Δt



(17)








	(3)

	
Safety SOC range of BESS: During the BESS operational procedure, the SOC of the BESS should be constrained to a suitable range, called the depth of discharge (DOD), to keep the BESS working well. This also decides the total discharging and charging energy of the BESS [27]. For example, the SOC range of the BESS is 20–90%, which means that the DOD is 70%. The formulation of SOC is as follows:


SOC(t+1)=SOC(t)−Pdisch,t⋅Δtηdisch⋅E



(18)






SOC(t+1)=SOC(t)+ηchar⋅Pchar,t⋅ΔtE



(19)






SOCmin≤SOC(t)≤SOCmax



(20)




where SOC(t) is the state of energy of the battery at t, ηdisch is the discharge efficiency, and ηchar is the charge efficiency.




	(4)

	
Charge-discharge rate of BESS: The charge-discharge rate of the BESS is the ratio of the charge-discharge current and the capacity of the BESS, and it determines the BESS’s maximum charging and discharging power. In this paper, the charge-discharge rate is the ratio of power and BESS energy, which is limited to a set value to maintain the lifetime and safety of the batteries:


max{Pdisch,t,Pchar,t}E≤C,t∈[1,T∗]



(21)








	(5)

	
Node power direction: As the BESS is integrated according to a charging topology, the node power with BESS discharging power will change. In order to prevent reverse power flow, the total power demand of the nodes should not be less than the discharging power of the BESS of the nodes:


Pnode,t≥|Pdis,t|



(22)












3.4. Optimization Algorithum and Steps


In this study, multiple objects were formulated to generate a single object optimization issue. The multi-level constraint conditions were also linearized and simplified. So, Linear Programming was suitable to solve this problem. The algorithm process, as a part of optimization process, is shown in Figure 4.



According to the process, the power of the BESS is the key part of the optimization. The detailed calculation steps are as follows:

	Step 1:

	
Set the simulation cycle time to 24 h; set the sampling period, Tn, on the basis of optimized time interval, which can decide the number of samples, n; take the energy of the BESS at each sample time as the variable, Q(1),Q(2),…,Q(n−1),Q(n).




	Step 2:

	
Calculate the power of the BESS of each sample spot on the basis of the sample cycle as [Q(2)−Q(1)]/Tn,[Q(3)−Q(2)]/Tn,…,[Q(n)−Q(n−1)]/Tn,[Q(1)−Q(n)]/Tn; the positive value means charge, and a negative value means discharge.




	Step 3:

	
According to the maximum DOD, calculate the energy and power of the BESS, as shown in Equations (23) and (24):


EBESS=max(Q(1),Q(2),…,Q(n−1),Q(n))/DOD



(23)






PBESS=max{|[Q(2)−Q(1)]/Tn|,|[Q(3)−Q(2)]/Tn|,…,|[Q(n)−Q(n−1)]/Tn|,|[Q(1)−Q(n)]/Tn|}



(24)















4. Cases and Analysis


4.1. Case Settings


According to the realistic charging station scenarios and topologies presented previously, the detailed parameters of the BESS configuration are shown in Table 2. Although the equipment size and type are different in each of the three proposed configuration scenarios, there is little difference in the cost. As general configuration research, this paper sets the same weight coefficient for the five influence factors, so the weight coefficient is 0.2. In other studies with different priorities for different aspects, the weight coefficients can be modified so that preferences are represented. The simulation interval for one day is one minute. And the battery type of BESS is lithium ferrous phosphate (LFP). The TOU tariffs are shown in Table 3.




4.2. Optimization Configuration


According to the case parameters and optimization steps, the comprehensive BESS configuration was carried out. The detailed results of the three scenarios are shown in Table 4. The Scenario 3, where the BESS connects to the DC bus, is the best configuration strategy. It has the smallest unit electricity cost, 0.1667 USD/kWh·day; the capacity of the BESS is 797.96 kWh; the total cost of the charging system is 857.73 USD/day; the peak charging power is reduced to 525.9 kW. In Scenario 1, the unit cost and total cost are 0.1748 USD/kWh·day and 899.48 USD/day, and the peak charging power is decreased to 492.9 kW. In Scenario 2, the unit cost and total cost are similar to those in Scenario 3, 0.1668 USD/kWh·day and 858.05 USD/day, and the peak charging power is reduced to 520.0 kW. Compared with the original cost of 1018.65 USD/day, Scenario 1, Scenario 2 and Scenario 3 can respectively decrease the cost by 119.26 USD/day, 160.60 USD/day, and 160.92 USD/day. Considering the engineering application feasibility of this case, Scenario 3 is the most attainable and economical strategy. The load regulation performances of the three BESS configuration scenarios are shown in Figure 5.




4.3. Case Analysis


According to the case optimization result, Scenario 3 is the best BESS configuration strategy. In order to verify this conclusion, we separately analyzed all the influence factors of the objective function. The influence factor trends are helpful for estimation and analysis of the results. On the basis of the case parameters and the function constraint conditions, the performance of each influence factor can be determined.



4.3.1. Basic Electricity Analysis


The basic electricity cost is determined by the peak charging power and basic electricity cost. A short duration and high charging power lead to huge load fluctuations and a low load rate. Peak charging power suppression is a key method to delay the distribution network expansion:


min(Wbasic)



(25)







On the basis of analyzing the charging power and electricity, this study sets the capacity of the BESS between 0 and 4000 kWh to research the influence on the charging power. As shown in Figure 6, the three BESS configuration methods can significantly reduce the peak charging power within a BESS capacity range of 0–800 kWh, although Scenario 2 is less efficient than the other two scenarios. Scenario 2 is the strategy whereby the BESS is divided equally and integrated with each charging pile; the charging loads of the piles cannot be well reduced due to the size of the piles’ BESS and absence of load interactions between piles. Besides that, the results of peak charging power suppression become negligible with greater BESS capacity. This means that there is an economic inflection point of BESS capacity in peak charging power suppression with BESS.


min(Wbasic+WBESS)



(26)







To consider the cost of the BESS, the configurations in the three scenarios can be carried out with the previous constraint conditions were applied to the objective function in Equation (1). The results are shown in Table 5. Scenarios 1 and 3 are more economical than Scenario 2 from the aspect of the basic electricity reduction with the BESS. Compared with the original data, the benefit of basic electricity reduction with the BESS is up to 97.02 USC/day.




4.3.2. Charging Electricity Analysis


The charging electricity cost is a main aspect that influences the charging station operation, especially with the time-of-use (TOU) electricity price. The configuration of the BESS can shift the charging load from the peak period to the flat or village period of the TOU tariff. We set the charging electricity cost as the objective function to research the effectiveness in the three scenarios with the BESS:


min(Wele)



(27)







The BESS capacity range is 0–9000 kWh and the interval is 200 kWh in the range from 0 to 1000 kWh. The optimization results are shown in Figure 7. The reduction of electricity cost by the BESS is highly effective in a BESS capacity range of 0–1000 kWh, and the effectiveness is dampened with increasing BESS capacity. Besides that, the lowest electricity cost is when the charging load completely is shifted by the BESS from the peak and flat period to the village period of the TOU tariff.


min(Welec.+WBESS)



(28)







Although the electricity cost will be lower with a larger BESS capacity, the investment of the BESS cannot be neglected. Taking the BESS cost into account, the difference in electricity cost reduction among the three scenarios can be found with Equation (28), and the results are shown in Table 6. The parameter values of Scenario 2 are the same as the original values, because the TOU tariff benefit resulting from each pile’s BESS shifting the charging load is less than the BESS cost. The optimization result indicates that Scenario 2 should not use a BESS to decrease the electricity cost. The results of Scenarios 1 and 3 are the same: the capacity of the BESS is over 1000 kWh and the benefit is 11.88 USD/day.




4.3.3. Transformer and Converter Cost Analysis


The transformers in the three charging scenarios are used to transform the high voltage of the distribution network to the required values of the charging system, and the transformer capacity is decided by the peak charging power of the station. The converters of the charging topology contain two parts: the charging converters and BESS converters. The capacity of the converter is related to the maximum flowing power, the BESS configuration will increase the total capacity of the converters. In the three BESS configuration scenarios, the cost of the transformers and converters only includes the investment of the transformers and all the converter equipment of the charging system:


min(Wtrans.+Wconv.)



(29)







As in the previous setting, the BESS capacity range is 0–9000 kWh, and the interval is 200 kWh in the range from 0 to 2000 kWh. The optimization results are shown in Figure 8. The transformer and converter cost of the Original type is 67.62 USD/day according to the case parameters and realistic charging load data. The BESS of Scenario 1 is integrated with a 10 kV bus; the charging power of each pile cannot be changed. Then, the capacity and cost of the transformers and converters of each charging line are the same as those of the Original type. Comparing Scenarios 2 and 3, the BESS capacity of Scenario 3 is smaller than that of Scenario 1 when the objective values are the same. The reason is that the BESS of each charging pile only supports the coupled pile load, and there is no reverse flow between BESSs and charging piles. Furthermore, the BESS and converter costs are larger than in Scenario 3 for reducing the same peak charging power. So, Scenario 3 is better than Scenario 1 in terms of the cost reduction of transformers and converters.




4.3.4. Electricity Loss Cost Analysis


In charging stations, electricity loss is caused by the current flowing through the transformers, converters, batteries, and the cables. This paper focuses on the influence of equipment loss on the BESS configuration and neglects the thermal loss of cables. Then, the electricity loss is determined by the efficiency of the equipment for the charging topologies and BESS. Thus, as with the TOU tariff, the electricity loss cost is also related to the electricity price for the same electricity loss value:


min(Wloss)



(30)







Focusing on the factor of the electricity loss cost, we researched the cost characteristics of the three scenarios with different shaving ratios of peak charging power. The results are shown in Figure 9, where the loss costs of the three scenarios are all increased with a higher shaving ratio of peak charging power. The loss costs of Scenarios 2 and 3 are the same for the same ratio, and Scenario 1′s cost is higher than the cost in the other two scenarios. The electric energy of the charging station is supplied by the distribution network and flows through the charging topology to the PEBs. The energy loss is inevitable, and the quantities are almost the same with the assumption that transformers and converters have similar efficiencies in two charging topologies. The BESS of the three scenarios can shift the electric energy from high-price periods to the lower-price periods, but it cannot reduce the total electricity quantity of the charging demand. Moreover, the BESSs’ charging and discharging cause new losses. A priority is that the charging load shifted by the BESS can make a difference in cost the electricity loss with the TOU electricity tariff.





4.4. Conclusion of Case Analysis


From the analyses of the single influence factors, the advantages and disadvantages of the three BESS configuration scenarios were determined and are shown in Table 7. Scenario 3 has advantages for all the four influence factors with the same BESS capacity, thus verifying the case simulation results in Chapter 4.2, although a comprehensive economic optimization configuration that consider all the influence factors may have a different outcome. Notably, the basic electricity cost and electricity cost are the two main aspects that influence the overall economy of the BESS configuration.



Remark: The BESS cycle lifetime was taking into account on the BESS cost in this paper. The author in [28] proposed a fast charging technique for high power lithium iron phosphate batteries, 4500 cycles were completed and resulted in 83% of the cell’s initial capacity remaining. The influence of different charging current rates and cut-off voltages on the aging mechanism of batteries are revealed by cycle life tests [29]. The established quantitative model describes the relationship between capacity degradation rate and charging stress at different aging states. And then, the cycle number of battery by the accumulated depth of discharge (DOD) was introduced to evaluate the lifespan of Lithium Ferrous Phosphate battery.





5. Discussion


The increasing deployment of PEBs with large-capacity on-board batteries alleviates the environmental problems in big cities. At the same time, it places great pressure on the distribution network due to the huge distribution capacity demand. DERs may be a component to reduce the expensive cost of distribution capacity expansion. Compared with electricity generation by photovoltaic panels, wind turbines and natural gas turbines, the BESS can be deployed without strict limitations on space and resources. One of the presented charging topologies has been applied in the PEB fast charging station, and the other is an improvement that is under construction. According to that, three BESS configuration scenarios were proposed and an economic model considering the related influence factors was established. The key findings of this work are summarized as follows:

	(1)

	
The BESS is an available component to suppress the distribution capacity demand of the high-power PEB fast charging station from an economic perspective. The investment of the BESS can be recouped, and it leads to considerable benefits, such as a decrease in the basic electricity fee and the income gained from the TOU tariffs.




	(2)

	
The economic model considers the basic electricity, charging electricity, charging equipment, electricity loss, and BESS investment to cover the main factors of a BESS configuration in a PEB fast charging station. However, the results are related to the charging topology and the amount of charging electricity. The economic effects may significantly differ depending on the applied scenario. The model can be used to choose the charging topology and BESS integration point.




	(3)

	
The costs of basic electricity and charging electricity are the two main factors that can lead to cost savings. The electricity loss in different topologies is a main part of the total cost, but it has a few differences among the various topologies. Also, the investment of the BESS and charging equipment is obviously different among the scenarios. According to the case in this paper, the charging topology and BESS integration point are the two key aspects that influence the overall economics.










6. Conclusions


This paper focuses on the issue of peak charging power suppression by BESS configuration and proposes three configuration scenarios that are based on realistic charging topologies. On the basis of linear programming theory, a configuration model was established, and if considers the following economic influence factors: basic electricity cost, electricity cost, transformer and converter cost, electric energy cost, and BESS cost. A case simulation was carried out with the realistic operation data of a PEB fast charging station. Then, numerical analyses of the effect of each influence factor on the overall configuration economic were performed. The results show that the basic electricity cost and charging electricity cost are the two main aspects of the stationary operation cost for a PEB fast charging station. The analyses verified the optimization configuration result; the most economical and practical BESS configuration scenario is integrating the BESS with the DC bus of the charging topology. For choosing the charging topology and BESS integration point and determining the capacity, the proposed model can well estimate alternative strategies. This study may be a useful reference for the charging infrastructure deployment in an area with limited distribution capacity, and promote the widespread application of PEBs to assist the public transportation electrification.
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Figure 1. Topologies of two types of fast charging systems. (a) Charging system with AC bus (original type); (b) Charging system with DC bus (improved type). 
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Figure 2. Realistic charging loads of each pile in one PEB fast charging station. 
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Figure 3. Three strategies of BESS configuration. (a) Scenario 1: Integrate the BESS with the AC bus; (b) Scenario 2: Integrate the BESS with each charging pile; (c) Scenario 3: Integrate the BESS with the DC bus. 
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Figure 4. BESS configuration algorithm process of a PEB fast charging station. 
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Figure 5. Load regulation performances of the three BESS configuration Scenarios. 
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Figure 6. Performance of peak charging power reduction in three scenarios with BESS configuration. 
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Figure 7. Effectiveness of charging electricity cost reduction of three scenarios with BESS. 
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Figure 8. Results of transformer and converter cost reduction of three scenarios with BESS configuration. 
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Figure 9. Electricity loss cost of three scenarios with different shaving ratios of peak charging power. 
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Table 1. List of some symbols used in the description of the BESS configuration.
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	Symbol
	Explanation





	x%
	Ratio of operation and maintenance cost of the transformer



	y%
	Ratio of operation and maintenance cost of the converters



	z%
	Ratio of operation and maintenance cost of the batteries



	cE
	Cost of the BESS’s unit battery energy



	cP
	Cost of the BESS’s unit converter power



	EBESS
	Rated capacity of BESS



	PBESS
	Rated power of BESS



	γ
	Discount rate



	PBESS,t
	Total charging power of BESS at time t



	Nsum
	Total number of charge-discharge cycles of BESS



	SOCmin
	Minimum state of charge (SOC) of BESS



	SOCmax
	Maximum SOC of BESS



	pchar,t
	Charging power of BESS at time t



	pdisch,t
	Discharging power of BESS at time t



	−Pmax
	Maximum discharging power of BESS



	Pmax
	Maximum charging power of BESS



	n
	Number of samples for BESS configuration simulation



	Tn
	Sampling period for BESS configuration simulation



	T∗
	Number of daily optimization intervals



	Q(n)
	Energy of BESS at each time of the sample
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Table 2. Parameter settings for the case.
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	Parameter
	Value





	Transformer cost (USD/kVA)
	11.89



	Basic electricity price (USD/(kVA·month))
	4.75



	Lithium-ion battery cost (USD/kWh)
	222.88



	Converter cost (USD/kW)
	74.29



	Transformer lifetime (Year)
	20



	BESS calendar lifetime (Year)
	8



	Cycle number of the battery
	4500



	Max charge-discharge rate (C)
	2



	Discount rate (%)
	3



	SOC range of the BESS (%)
	10–90



	Efficiency of transformer (%)
	98



	Efficiency of converter (%)
	95



	Efficiency of charge–discharge of the BESS (%)
	95
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Table 3. Time-of-use (TOU) electricity price.
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	Period
	Time
	Price (USD/kWh)





	Village
	23:00–7:00
	0.0586



	Flat
	7:00–10:00; 15:00–18:00

21:00–23:00
	0.1033



	Peak
	10:00–15:00; 18:00–21:00
	0.1492
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Table 4. Results of three BESS configuration scenarios.
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	Parameter
	Scenario 1
	Scenario 2
	Scenario 3





	Unit electricity cost (USD/kWh·day)
	0.1748
	0.1668
	0.1667



	Total cost of one day (USD/day)
	899.48
	858.05
	857.73



	Peak charging power (kW)
	492.91
	520.01
	525.89



	Capacity of BESS (kWh)
	612.17
	765.13
	797.96



	Basic electricity cost (USD/day)
	78.13
	82.42
	83.35



	Electricity cost (USD/day)
	573.99
	558.53
	554.52



	Transformer and converter cost (USD/day)
	67.00
	36.68
	37.06



	Electricity loss cost (USD/day)
	95.15
	81.88
	82.14



	BESS cost (USD/day)
	85.22
	98.85
	100.66
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Table 5. Basic electricity and BESS cost optimization of different BESS configuration scenarios.
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	Parameter
	Original
	Scenario 1
	Scenario 2
	Scenario 3





	Peak charging power (kW)
	1595.00
	464.98
	370.56
	464.98



	Basic electricity cost (USD/day)
	252.64
	73.70
	58.73
	73.70



	Basic electricity and BESS cost (USD/day)
	252.64
	155.62
	166.53
	155.62



	Capacity of BESS (kWh)
	0
	565.01
	743.47
	565.01
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Table 6. Electricity and BESS cost optimization of different BESS configuration scenarios.
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	Parameter
	Original
	Scenario 1
	Scenario 2
	Scenario 3





	Electricity and BESS cost (CNY/day)
	638.68
	628.00
	638.68
	628.00



	Electricity cost (CNY/day)
	638.68
	515.90
	638.68
	515.90



	BESS capacity (kWh)
	0.00
	1123.69
	0.00
	1123.69



	Peak charging power (kW)
	1595.00
	1464.18
	1595.00
	1464.18
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Table 7. Advantages and disadvantages of three BESS configuration scenarios.
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	Parameter
	Scenario 1
	Scenario 2
	Scenario 3





	Basic electricity cost
	Good
	Bad
	Good



	Electricity cost
	Good
	Bad
	Good



	Transformer and converter cost
	Bad
	Moderate
	Good



	Electricity loss cost
	Bad
	Good
	Good
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