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Abstract

:

Plug-in electric buses (PEBs) are a promising alternative to conventional buses to provide a sustainable, economical, and efficient mode of transportation. However, electrification of public transportation leads to a phenomenon of peak load that impacts the stability of low voltage (LV) feeders. In this context, the effective integration of an energy storage system (ESS) and photovoltaic (PV) in a bus depot charging ecosystem can lead to i) peak load reduction and ii) charging cost reduction with low carbon emission. Therefore, a limited PEB charge scheduling algorithm is proposed for: i) bus depot operator (BDO) profit maximization and ii) grid stability enhancement considering the constraints of PEB charging and grids. A mixed integer linear programming (MILP) model for BDO profit maximization has been formulated and analyzed using IBM ILOG studio with CPLEX solver. Simulation has been performed for SkyBus electric fleet using real-world data such as actual bus arrival and departure schedules under diverse traffic, number of passengers, trip duration, daily load profile, solar radiation profile, and benchmark storage price. The charging impact of PEBs was tested on one of the distribution feeders in Auckland, New Zealand. The BDO generates revenue by performing energy trading among PV, ESS, PEBs, and buildings after incorporating capital investment, operation and maintenance, and depreciation costs.
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1. Introduction


The United Nations Framework Convention on Climate Change held in December 2015, resulted in a historical endorsement among more than 190 countries on a decarbonization plan to minimize the worldwide rise in temperature and carbon emissions. To successfully implement this agreement, decarbonization is required in all subdivisions of the economy. A significant portion of energy consumption is due to the transport sector, which represented 23% of global emission in 2013, of which 75% was contributed by road transportation. This was a 68% increase compared to that in 1990 [1].



In recent years, the electric buses have attracted significant attention, with their uptake in China, Europe, and USA reaching 343, 500, 1273, and 200 buses, respectively, in 2016 [2]. In Auckland, 81% of air pollution-related health costs are due to emission by diesel vehicles. Thus, Auckland Transport (AT), New Zealand’s largest regional transport agency, joined 11 other global cities for the Fossil Fuel Free Streets Declaration. In addition, AT has committed to use only zero-emission buses starting in 2025 [3] with the intention of achieving the decarbonization target of the public transport sector set by the New Zealand government.



Currently, 85% of New Zealand’s electricity generation is renewable, and a target of 100% renewable by 2035 has been set by the government [4]. Various renewable energy sources (RESs) such as wind energy, ocean energy, solar energy, biomass energy, geothermal energy, and fuel cell technology can be deployed for electricity generation. The use of renewable energy is attractive particularly for electric bus depot owners because they only need to pay the cost of electricity generation, not transmission and distribution that do not contribute to climate change or impact environment adversely [5]. Plug-in electric buses (PEBs) are therefore gaining attention and charging PEBs from an electric bus depot where renewable energy is installed presents a cost-effective solution to PEB owners [6].



This growth of PEBs offers both challenges (e.g., charging the PEBs’ battery) and opportunities for the future power network since they are huge, but flexible, loads [7]. The power grid can face tremendous stress due to the uncoordinated charging of PEBs [8]. On the other hand, coordinated charging can deliver excessive benefits such as valley filling and peak clipping [9]. Optimal charge scheduling of electric vehicles (EVs) has become an essential step towards smart grid implementation [10] which is an effective way of flattening the load profile of the electrical system. This will reduce the capital costs of building charging infrastructure as well as the charging cost of vehicles. Therefore, several mathematical models have been proposed and developed, for example, linear and mixed-integer linear models to tackle the issue of coordinated charging over day-ahead scheduling; i.e., minimizing EV load variance [11], total loss minimization [12], and charging cost minimization [13]. Other objectives such as minimization of power grid loss, EV battery degradation, CO2 emission, and maximizing EV owners’ degree of satisfaction have been considered as well [14]. With the increasing amount of EVs and participation of RESs in the future power network, it helps to create a new business paradigm. More recently, researchers have proposed a state-of-the-art bi-level model to maximize the profit of EV parking lot owners [15], minimize power loss, and maximize the load factor [16]. However, these studies have not investigated the nexus between public transportation and the power grid.



Several studies have been considered the scheduling of EVs and their impact on the power grid [17,18]. However, very few studies investigate scheduling for a PEB fleet. Among those that do, few give attention to the larger-scale electric bus charging infrastructure. Mohamed and colleagues [19] investigated the grid impact and operational feasibility of three charging concepts such as opportunity, depot, and flash charging. The power quality issue in the fast charging station was addressed in a study by Thiringer and Haghbin [20], who utilized real electric bus data from Gothenburg, Sweden, and explored the impact of EVs (including electric bus) on the substation reserve [21]. These studies considered the possible issues related to the impact on the power grid, however they did not propose solutions regarding the charging schedule. Numerous optimization methods, such as battery swapping [22] and the flash wireless charging concept for bus schedules have been analyzed [23]. These findings are based on the battery swapping, opportunity or flash wireless charging concepts which are not very efficient in terms of installation cost [24] and charging efficiency [25], respectively. The buses are scheduled to run all day long and thus may require charging before the next round. Therefore, the paper proposes charging algorithms that can handle such situations while minimizing the overloading on the low voltage (LV) feeder.



Considering the charging scheduling of electric buses for the centralized depot, Leou and Hung [26] proposed a mathematical model and tested for a small bus fleet comprising of 10 buses. This model takes the time-of-use prices during the day and schedule charging with the objective to minimize the energy cost. However, the authors did not reflect the charging effect of the PEB fleet on the grid (unlimited power intake from the grid) which causes overloading in the distribution transformer [27]; more importantly, buses need to wait until the off-peak time to be charged. To overcome this problem, this paper developed a coordinated with limited charge scheduling algorithm. The key contributions of this work are as follows:




	
A mathematical model is developed for a bus depot charging ecosystem to maximize the profit of the bus depot operator (BDO).



	
A feed-in tariff (FIT) scheme for two purposes: i) BDO profit maximization and ii) negative impact minimization of charging a fleet of PEBs on a LV feeder in Auckland, New Zealand.



	
A coordinated with limited charge scheduling algorithm is proposed for a large fleet comprising of 24 buses to reduce the overloading on LV feeder.








The proposed algorithm considers the grid constraints (i.e., the limit of power intake from a LV feeder (5 kW)) and PEB constraints such as i) ensuring all PEBs are fully charged to 100% state of charge (SOC) before departure from the depot; ii) initial SOC of a PEB when it arrives at the charging station (10% of total PEB capacity); and iii) energy consumption (route and stop) per trip.




2. System Configuration


2.1. A Framework of the Proposed Study


Figure 1 shows the outline of the proposed study. 1) In the bus depot charging ecosystem, Plug-in electric buses (PEBs) start to charge when they arrive according to the photovoltaic (PV) outputs, available power in the energy storage system (ESS), grid limit, and building loads. 2) A PEB charge scheduling algorithm: coordinated with limited charge scheduling is proposed considering the PEBs’ arrival and departure schedules, the ESS state of charge (SOC), PV production, and feed-in-tariff (FITs) scheme. 3) The aim of this study is to maximize the daily profit of the bus depot operator (BDO) considering the nexus between transportation and the power grid. The constraints (PV, ESS, and grid limit), capital investment, operation and maintenance, and depreciation costs of PV, ESS, charger, and FIT price of the grid are considered in the mathematical modeling. 4) Finally, the analytical results of the PEB charging algorithm, ESS SOC, building loads, PV generation and its demand, and impact on the LV feeder are presented.




2.2. Assumptions


	
The bus depot charging ecosystem is located at the Auckland airport where a 100 kW PV system is integrated with 500 kWh ESS and 12 chargers are available.



	
Every charger has two charging guns and thus 12 chargers are required to charge 24 PEBs and this is the maximum charging capacity of the BDO.



	
To maximize the daily BDO profit, the ESS buys and stores power from the grid when its price is low. At other times, the power stored in the ESS and that generated by the PV system may be exported back to the power grid or sold to the building at two-thirds or one-third of the purchase cost from the grid, [28] respectively.



	
The PEB owner agrees to purchase the power from the BDO at a higher price than the actual price on the grid for the time intervals, 1:00–7:00 am.



	
Coordinated with limited charging, the charger uses only 5 kW, while coordinated with unlimited charging, it may use more than 250 kW in 10-minute time intervals from the grid.



	
The solar profile irradiation of the city of Auckland [29], charger price from Ecotricity New Zealand [30], and FIT prices from the distribution company Electra [31] are used as real-world data in our simulations.







2.3. Bus Depot Charging Ecosystem


The bus depot charging ecosystem consists of a BDO (as a charging service provider that owns the PV, ESS, and charger), PEBs, and access to the building(s) and the grid as shown in Figure 2.



The PEBs arrive at the charging depot to charge up their batteries. The BDO pays when it purchases power from the grid for its ESS and charger (red arrow). On the other hand, the BDO generates revenue when it sells power to the PEBs, buildings, and the grid (green arrow). The BDO does not need to pay for the amount of power drawn by the building. The power drawn by the building (B) is paid by its owner, therefore there is no payment involved (black arrow) during optimization. Lithium-ion batteries and one of our campus buildings are used as the ESS and load, respectively. It is preferred that PEBs are charged during the night at the bus depot as they will be on the road during the daytime for scheduled trips. When the PEBs arrive at the charging station, the BDO should charge all the PEBs before their next scheduled departure [32].



To maximize the BDO’s daily profit, the proposed algorithm will charge the PEBs using PV or ESS resources if available, or otherwise, from the grid. The total system cost (capital investment and operation and maintenance) of PV, ESS, and PEB charger per day [33] is shown in Table 1.




2.4. Skybus Route


Skybus is an airport bus service for commuters traveling between the Auckland Airport and Auckland central business district (CBD) as shown in Figure 3.



Its route has 12 stops and covers a total distance of 20.5 km at an average time of 52 min. During peak periods, the route operates 24 PEBs, with half of them in each direction between the airport and CBD.




2.5. Skybus Fleet Arrival and Departure Schedule


During peak time, one bus departs every 10 min in each direction, as shown in Table 2. In a single charge, all PEBs can perform six return trips. To validate the proposed algorithms, simulations were performed and results of the 1st, 6th and 12th PEB are discussed in Section 6.





3. Mathematical Modeling


The total cost of the bus depot charging ecosystem consists of two parts: capital investment cost CI and operation and maintenance cost CO&M for PV, ESS, and chargers. It is calculated as described in Equation (1).


   C  Total   =  C I  +  C  O & M    



(1)







As a general rule, CO&M is supposed to be 10% of the overall investment cost [34]. The annual real interest rate (r = 6%) = nominal interest rate − inflation rate [35] and N is the PV, ESS, and charger lifetime. The present worth factor (PWF) [36] is used to transform the total cost into an annualized total present cost shown in Equation (2).


  P W  F  r , N   =       1 + r    N  − 1   r     1 + r    N     



(2)







The objective function is defined as a mixed integer linear programming (MILP) problem for the BDO’s daily profit maximization as shown in Equation (3). The salvage price is the projected resale price of an asset at the end of its valuable life which is calculated using a depreciation rate of 40% for the ESS and charger and 16% for the PV (New Zealand power generation and electrical reticulation systems assets) [34]. The total investment cost, salvage value, and PWF of PV, ESS, and charger are different, therefore the total daily present cost (recovery) for each one is calculated separately.


    p r o f i  t  Max     day   =   R e  v  Max     day   − (       C  Total   PV   −  S  PV     × P W  F  PV     365   +      C  Total   ESS   −  S  ESS     × P W  F  ESS     365    +      C  Total  C  −  S C    × P W  F C    365    )  



(3)




where    C  Total   PV    ,    C  Total   ESS    ,    C  Total  C   ,     S  PV    ,    S  ESS    ,    S C   ,   P W  F  PV    ,   P W  F  ESS    , and   P W  F C    are the total investment cost, salvage value, present worth factor of PV, ESS, and charger, respectively. The first term of Equation (3) shows the maximized revenue (Rev) generated by the BDO per day; the second, third, and fourth terms show the total daily present cost of PV, ESS, and charger, respectively.



The energy trading is performed between the grid, PEB, and building for 24 h. The revenue per day generated in time slot ∆t is calculated as described in Equation (4) which depends on the selling and purchasing energy cost between PV2G, PV2B, ESS2G, ESS2B, C2PEB, G2C, and G2ESS. ∆t is the resolution time (10 min).


      R e  v   M a x       d a y         =  M a x     ∑   t = 1   24          ( (  P   P V  2  G     t  ×  C   S e l l    2  G     t  +  P   E S S  2  G     t  ×  C   S e l l    2  G     t  +  P   P V  2  B     t  ×  C   S e l l    2  B     t       +       P   E S S  2  B     t  ×  C   S e l l    2  B     t  +  P   P V  2  C     t  ×  C   S e l l    2  C     t       +       P   E S S  2  C     t  ×  C   S e l l    2  C     t  +  P   C  2  P E    B    i       t  ×  C   S e l l    2  P E    B    i       t       −       P   G  2  C     t  ×  C   P u r     f r o m G     t  −  P   G  2  E S S     t  ×  C   P u r     f r o m G     t  ) × Δ t          



(4)







Subject to:


  S O  C  min   ESS    t  ≤ S O  C   ESS    t  ≤ S O  C  max   ESS    t   



(5)






   P  ESS 2 B    t  ≤  P  max   ESS    t   



(6)






   P  ESS 2 C    t  ≤  P  max   ESS    t   



(7)






   P  ESS 2 G    t  ≤  P  max   ESS    t   



(8)






   P  G 2 ESS    t  ≤  P  max   Grid    t   



(9)






   P  G 2 C    t  ≤  P  max   Grid    t   



(10)






   X  t  + Y  t  ≤ 1   ,   X  t  , Y  t  ∈   0 , 1     



(11)






     P  PV 2 ESS    t  +  P  G 2 ESS    t    ×  η  char   ≤    P  max   ESS    t  −  P  min   ESS    t    × Y  t   



(12)






     P  ESS 2 B    t  +  P  ESS 2 G    t  +  P  ESS 2 C    t    /  η  dis   ≤    P  max   ESS    t  −  P  min   ESS    t    × X  t   



(13)







PEB and charger constraints:


  S O  C  min   PEB  i     t  ≤ S O  C   PEB  i     t  ≤ S O  C  max   PEB  i     t   



(14)






   P   G 2 C    t  ≤  P  max  G   t   



(15)






   P   PV 2 C    t  ≤  P  max   PV    t   



(16)






   P   ESS 2 C    t  ≤  P  max   ESS    t   



(17)






     P   ESS 2 C    t  +  P   PV 2 C    t  +  P   G 2 C    t    ×  η  char   ≤    P  max   PEB  i     t  −  P  min   PEB  i     t     



(18)






   P  PV 2 ESS    t  ,  P  PV 2 B    t  ,  P  PV 2 G    t  ,  P  PV 2 PEB  i     t  ,  P  G 2 B    t  ≥ 0  



(19)







Equation (5) defines the SOC limit (maximum and minimum) to preserve the lifespan of the batteries [36]. Equations (6)–(8) represent the maximum amount of power that the ESS can provide to the building, charger, and grid, respectively. Electrification of public transportation leads to a phenomenon of peak load that can negatively impact the stability of the grid. Equations (9) and (10) represent the maximum power that the grid can provide to the ESS and charger, respectively, which should be less than the grid capacity. Simultaneously charging and discharging the ESS is not possible, therefore, Equation (11) represents the charging and discharging binary variables. Equations (12) and (13) define the ESS’s charging and discharging limit, respectively. The SOC safety level of PEB(i) is defined in Equation (14). Equations (15)–(17) represent the maximum power obtain by PEBs from the electrical grid, PV, and ESS, respectively. Equation (18) determines PEBs charging power obtained from the grid, PV, and ESS, respectively and the maximum capacity. As the PV, ESS, PEB, and building are integrated into the bus depot charging ecosystem, the constraint in Equation (19) is required to prevent reverse power flow.




4. PEB Charge Scheduling Algorithm


The battery capacity of PEBs for the public transit system is bigger and thus their charging power is often larger than that of private EVs. This causes tremendous energy consumption and a negative effect on the distribution grid. To overcome this problem, a PEB charge scheduling algorithm is proposed for the bus depot charging ecosystem consisting of PV, ESS, and power grid and applied to a fleet of SkyBus PEBs. The PEB integration into the distribution grid can be enhanced when their charging takes place mostly during off-peak times. This coordinated scheduling of their charging can be referred to as coordinated charging [37]. Moreover, when the charging power can be limited or controlled, the negative impact of PEBs on the distribution system can be further mitigated. However, not every grid operator is equipped to control the charging power. Such coordination of charge scheduling and the potential limit of charging power gives rise to Algorithm 1:



Coordinated with Limited PEB Charging


Both the charge scheduling and charging power can be coordinated and limited, respectively, based on the available capacity of a charger in the market [38,39] and grid power. Initially, when the PEBs arrive at the charging station, the algorithm checks the initial SOC of the PEBs and ESS, and then charges the PEBs up to a controlled limit based on the FIT scheme without affecting their departure schedule. Due to the coordination between PEBs charging and grid limit, the proposed algorithm can mitigate the overloading problem in the LV feeder.






	Algorithm 1 Coordinated with limited PEB charging power and charge scheduling algorithm.



	
	1:

	
Input: Obtain PEBs arrival and departure schedule, PEBs energy consumption per km, maximum allowable charging power to each PEB, initial and final SOC of PEBs and ESS. Obtain the PV generation, building load demand, price of selling electricity to PEBs, and electricity buying price from the grid, at an intervening time t. PEB charging is performed after coordinating the FIT price, available energy in the ESS, and available PV generation.




	2:

	
 Procedure




	3:

	
  for all t < T do




	4:

	
   Lookup PEBs arrival and departure schedule




	5:

	
   If PEBs are in the charging station then




	6:

	
    for all i < I do




	7:

	
 Optimize:




	8:

	
    Max PEBs charging power using Equation (20)




	9:

	
    S.T         ∑   t =  A i     L i    S O  C  PEB  i       L i    = S O  C  max   PEB  i            ∑   i = 1   c h a r g e r N o    P  max   G 2 C  i     t  ×  η i  ≤ 5 k W      




	10:

	
    end for




	11:

	
   else




	12:

	
   PEBs are on the road and the energy will consume according to:




	13:

	
             PEB   l o a d    i     t  = L o a  d n  , ∀ n = 1 , 2 , 3 , … N        P   ESS 2 PEB  i     t  +  P   PV 2 PEB  i     t  +  P   G 2 PEB  i     t  = 0       S O  C   PEB  i      t + 1   = S O  C   PEB  i     t  − P E  B  l o a d    i     t  ,       ∀ t = 1 , 2 , 3 , … T        




	14:

	
  end for




	15:

	
  Output: Optimized the charging schedule and charging power of each PEB’s battery from integrated PV, ESS, and grid for the time interval t = 1…,24 h (with 10-min time intervals).











where     S O  C   PEB  i       L i     ,   S O  C  max   PEB  i     , are the SOC (leaving from the depot) at time t and maximum SOC of PEB i; respectively,     L i    and      A i    are the leaving time and starting charging time of PEB i;    P  max   G 2 C  i      is the maximum power that the grid can provide to charger i and the charging pole i efficiency is represented as      η i   . Steps 1–10 are maximizing charging power of PEB i from PV, ESS if available, or otherwise purchasing power from the grid using Equation (20). Steps 12–14 show the energy consumptions due to   l o a  d n    as shown in Table 3. In Step 9, the first constraint is to ensure the PEBs fully charge before their departure from the depot and the second constraint is to avoid power consumption exceeding the grid limit.





5. Results and Discussion


A simulation was performed for the SkyBus fleet using real-world data from Yutong PEBs [40] and SkyBus arrival and departure schedule [32]. To test the proposed coordinated and limited charge scheduling algorithm and to analyze the impact of charging PEBs on the distribution feeder, this study used one of the feeders of the Manurewa distribution system in Auckland, New Zealand. The electricity purchasing price from the grid (blue dotted line) [31] and Genesis Energy (one of the biggest distribution and generation company in New Zealand) offer selling back to the grid price (magenta dotted line) which is two-thirds of the purchasing price [28]. According to these two prices, the selling to PEB price (black dotted line) and building price (red dotted line) is set in the proposed FIT scheme for the bus depot ecosystem shown in Figure 4.



To validate the proposed model, diverse road traffic conditions, such as a different number of stops, passengers, and terrain condition were considered. The simulation was performed using Yutong PEBs (374 kWh) with three test cases: i) fully loaded bus with air condition unit fully on; ii) 50% loaded bus with air condition unit partially on; and iii) fully unloaded bus with air condition unit off. Table 3 shows the energy consumption rate for each test case.



5.1. Coordinated and Unlimited Charging and its Impact on the Grid


The SOC updates of PEB1, PEB6, PEB12 (corresponding to test cases I, II, and III, respectively, in Table 3) with 374 kWh battery capacity in the bus depot charging station at each time interval under coordinated and unlimited charging for the whole day is shown in Figure 5a. Due to higher SOC consumption per trip of PEB1 and PEB6 compared to PEB12, the slope of PEB1 and PEB6 are steeper than PEB12. When PEBs arrive at the bus depot, they start to charge; for example, PEB1 and PEB6 are charging upon their arrival at 7:00 pm and 7:50 pm respectively, until 9:00 pm. During these time periods, the price on the grid is high. Thus, PEB1 and PEB6 are charged from the ESS. Due to the same energy selling price to PEBs during 1:00–7:00 am (set by the BDO), PEBs can charge any time during these periods. In the coordinated and unlimited charging case, three PEBs are charged from the grid between 1:20–4:10 am and the charging impact on distribution feeder is shown in Figure 5b. The daily profit gain by the BDO under coordinated with unlimited charging was New Zealand Dollar (NZD) 251.822.



The extra load due to charging PEBs in the distribution substation causes transformer overloading. The transformer loading refers to the power (kVA) which should remain under the transformer kVA rating. If the load demand goes more than the transformer kVA rating, then the transformer can become overloaded [41]. This can happen in the unlimited PEB charging case. Even charging half of the PEB fleet (12 PEBs) at the same time (2:10 am) causes the power consumption of more than 4000 kW from the grid as shown in Figure 5c. Thus, the unlimited charging of PEBs may cause overloading in the distribution transformer and therefore the coordinated and limited charging algorithm is proposed in the next subsection.




5.2. Coordinated and Limited Charging and its Impact on the Grid


The SOC updates of PEB1, PEB6, and PEB12 (corresponding to test cases I, II, and III, respectively, in Table 3) with 374 kWh battery capacity in the bus depot charging station at each time interval under coordinated and limited charging for the whole day is shown in Figure 6a. Each of the three PEBs was on the road (with different loads) until 7:00 pm, 7:50 pm, and 8:50 pm, respectively, after which they started to charge in the bus depot charging station. Between 7:00 and 9:00 pm, the price on the grid is high, and thus PEB1 and PEB6 are charged from the ESS. After 1:00 am, all three PEBs are charged from the grid as the price and load on the grid are low. The SOC updates of all three PEBs are calculated using Equation (20).


  S O  C  PEB  i      t + 1   = S O  C  PEB  i     t  +    P  ESS 2 C    t  +  P  G 2 C    t  +  P  PV 2 C    t    × Δ t ×  η  char    



(20)







Considering the negative impact on the power distribution network, a limit of 5 kW is set on the allowable power injection from the grid which overcomes the transformer overloading issue. The impact of charging three PEBs on the distribution feeder (1:00–6:50 am) is very small as shown in Figure 6b. Moreover, charging half the fleet has less effect on the distribution feeder as observed in Figure 6c. The daily profit gain by the BDO in this scheme is slightly lower than unlimited charging which is NZD 233.8.




5.3. Generalization of the Findings


	
The PEBs coordinated and limited charging results for SkyBus in Figure 6 can be generalized to other public transport companies whose PEBs operate on similar battery capacity and arrival/departure schedules.



	
Since the revenue generated by the BDO for some time slot t is a parameterized function of its power and selling/purchasing price, the proposed PEB charging scheduling algorithm could be easily adapted to any future changes in the BDO’s power generation/consumption and in the electricity prices.







5.4. ESS and PV Power Supply to PEBs and Building


Figure 7a presents an ESS’s charging and discharging status for a full day. The positive and negative power values on the y-axis represent the ESS charging from the PV and grid and discharging to the building, grid, and PEBs, respectively. According to the proposed FIT scheme, when the price on the grid is low, the ESS will charge from the grid. The grid and building offer high prices during 7:00–11:00 am, therefore, ESS is selling power to the grid and building. However, the ESS is charging from 11:00–5:00 pm from PV and grid for future use. During the time interval 5:00–9:00 pm, some of the available power in the ESS is sold to the grid and the rest are used to charge PEB1 and PEB6 from 5:00–8:00 pm and 7:10–9:00 pm, respectively as the three PEBs (PEB1, PEB6, PEB12) arrived at the depot at 7:00 pm, 7:50 pm, and 8:50 pm, respectively, as bolded in the second to last column (round trip #6) of Table 2.



Again from 9:00 pm–6:50 am, the ESS is charging from the grid and PV (if available) to make the ESS fully charged for use the next day. The ESS SOC is updated in each time interval using Equation (21).


      S O  C  ESS     t + 1   = S O  C  ESS    t  +    P  G 2 ESS    t  +  P  PV 2 ESS    t    × Δ t ×  η  char         −    P  ESS 2 G    t  +  P  ESS 2 B    t  +  P  ESS 2 C    t    × Δ t /  η  dis        



(21)







According to the FIT scheme, the PV generated power is exported back to the grid or sold to the building or PEBs. In the current scenario, PV-generated power is not sold to the building but stored in the ESS and exported back to the grid (offers a better price than building) and some of the PV-generated power is used to charge the PEB1 and PEB6 when the price on the grid is high. The balance between the total PV power production and consumption (due to grid, ESS, PEBs, and building) is performed using Equation (22) and the results are shown in Figure 7b.


   P  PV    t  =  P  PV 2 G    t  +  P  PV 2 ESS    t  +  P  PV 2 C    t  +  P  PV 2 B    t   



(22)







To reduce the load on the distribution feeder due to higher building energy consumption arising from increased urbanization, the stored power in the ESS is used to supply power to the building when it is available. The balance between the building load demand and the total power supply (due to ESS, PV, and the grid) is determined using Equation (23) and the results are shown in Figure 7b.


  B u i l d i n g _ L o a d =  P  ESS 2 B    t  +  P  PV 2 B    t  +  P  G 2 B    t   



(23)









6. Conclusions


The unlimited charging of PEBs in a bus depot charging station can maximize the daily profit of the BDO. However, it has a negative impact (i.e., build-up peak load which has an adverse effect on the loading of the distribution transformer). In this context, a mathematical model for BDO profit maximization is formulated, a coordinated with limited charge scheduling algorithm is used, and a FIT scheme is proposed for the Skybus fleet of PEBs in a bus depot ecosystem.



It was found that the coordinated with unlimited charging only maximizes the daily profit of the BDO, while the coordinated with limited charging algorithm maximizes the daily profit and minimizes the impact on the LV feeder. The daily profit for the coordinated with limited charging (5 kW) and coordinated with unlimited charging (250 kW) is NZD 233.8 and NZD 251.822, respectively. Therefore, the installation of PV and ESS in a bus depot charging ecosystem together with a coordinated with limited charge scheduling algorithm is a viable business option for the BDO and provides a complete charging solution for the PEB fleet without disrupting its departure schedule, while reducing the peak load demand on the LV feeder.
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Nomenclature




	
Subscripts




	
t

	
Hours (1–24)




	
i

	
Number of PEBs




	
Constants

	




	
   η  char    ,     η  dis    

	
ESS and PEB batteries charging/discharging efficiency (90%)




	
   E  min   ESS    t   ,     E  max   ESS    t   

	
Minimum and maximum energy level of ESS at any time interval ‘t’ (kWh)




	
   P  min   ESS    t   ,     P  max   ESS    t   

	
Minimum and maximum ESS power limit at any time interval ‘t’ (kW)




	
   E  min   PEB  i     t   ,     E  max   PEB  i     t   

	
Minimum and maximum energy level of PEBi at any time interval ‘t’ (kWh)




	
    C  Sell   2 G    t    ,      C  Sell   2 B    t    

	
Selling cost to grid and building at any time interval ‘t’ ($/kWh)




	
    C  Sell   2 PEB  i     t    

	
Selling cost to PEBi at any time interval ‘t’ ($/kWh)




	
    C  Pur   fromG    t    

	
Purchasing cost from grid at any time interval ‘t’ ($/kWh)




	
    P  max   Grid    t    

	
Maximum power grid can deliver at any time interval ‘t’ (kW)




	
   x  t  , y  t    

	
Binary variable associated with charging/discharging the ESS




	
Variables




	
    P  PV 2 ESS    t    ,      P  PV 2 B    t    

	
PV to ESS and building power flow (kW) at any time interval ‘t’




	
    P  PV 2 G    t    ,      P  PV 2 C    t    

	
PV to grid and charger power flow (kW) at any time interval ‘t’




	
    P  G 2 B    t    ,      P  ESS 2 B    t    

	
Grid and ESS to building B power flow (kW) at any time interval ‘t’




	
    E  ESS    t    ,      E  PEB  i     t    

	
Energy level of ESS and PEBi (kWh) at any time interval ‘t’




	
    P  G 2 C    t    ,      P  G 2 PEB  i     t    

	
Grid to charger and PEBi power flow (kW) at any time interval ‘t’




	
    P  PV    t    ,      P  max   PV    t    

	
PV power production (kW) and its maximum limit at any time interval ‘t’




	
    P  PV 2 PEB  i     t    

	
PV to PEBi power flow (kW) at any time interval ‘t’




	
    P  C 2 PEB  i     t    

	
Charger to PEBi power flow (kW) at any time interval ‘t’




	
    P  G 2 ESS    t    

	
Grid to ESS power flow (kW) at any time interval ‘t’




	
    P  ESS 2 G    t    

	
ESS to grid power flow (kW) at any time interval ‘t’




	
    P  ESS 2 C    t    

	
ESS to charger power flow (kW) at any time interval ‘t’
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Figure 1. A framework of the proposed study. 
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Figure 2. Bus depot charging ecosystem. 
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Figure 3. Skybus route between Auckland Airport and Auckland central business district (CBD). 
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Figure 4. Proposed feed-in tariff (FIT) scheme for bus depot charging ecosystem. 
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Figure 5. Coordinated and limited charging: (a) state of charge (SOC) of three PEBs; (b) impact of charging three PEBs; and (c) impact of charging 12 PEBs on the low voltage (LV) feeder. 
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Figure 6. Coordinated and limited charging: (a) SOC of three PEBs; (b) impact of charging three PEBs; and (c) impact of charging 12 PEBs on the LV feeder. 
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Figure 7. (a) SOC of ESS in a single day; (b) PV generation and supply; and (c) building load demand and supply. 
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Table 1. Photovoltaic (PV), energy storage system (ESS), and charger total system and recovery costs (NZ$).
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	System Components
	PV
	ESS
	Charger





	System Size
	100 kW
	500 kWh
	50 kW



	Price per W/Wh
	0.411
	0.260
	N/A



	Estimated life span (year)
	25
	10
	25



	Total system cost
	41,100
	130,000
	45,000



	Recovery cost/day
	3.67
	4.986
	2.99
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Table 2. Skybus arrival and departure schedule (airport to city only).
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Round Trip#

	
PEB#

	
To City

	
Stopovers

	
To Airport

	
Stopovers




	
Departure

	
Arrival

	
Departure

	
Arrival






	
1

	
1

	
7:00 am

	
7:52

	
0:08

	
8:00

	
8:52

	
0:08




	
2

	
7:10

	
8:02

	
0:08

	
8:10

	
9:02

	
0:08




	
3

	
7:20

	
8:12

	
0:08

	
8:20

	
9:12

	
0:08




	
4

	
7:30

	
8:22

	
0:08

	
8:30

	
9:22

	
0:08




	
5

	
7:40

	
8:32

	
0:08

	
8:40

	
9:32

	
0:08




	
6

	
7:50

	
8:42

	
0:08

	
8:50

	
9:42

	
0:08




	
7

	
8:00

	
8:52

	
0:08

	
9:00

	
9:52

	
0:08




	
8

	
8:10

	
9:02

	
0:08

	
9:10

	
10:02

	
0:08




	
9

	
8:20

	
9:12

	
0:08

	
9:20

	
10:12

	
0:08




	
10

	
8:30

	
9:22

	
0:08

	
9:30

	
10:22

	
0:08




	
11

	
8:40

	
9:32

	
0:08

	
9:40

	
10:32

	
0:08




	
12

	
8:50

	
9:42

	
0:08

	
9:50

	
10:42

	
0:08




	
2

	
1

	
9:00

	
9:52

	
0:08

	
10:0

	
10:52

	
0:08




	
3

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
4

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
5

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
6

	
1

	
5:00

	
5:52

	
0:08

	
6:00

	
6:52

	
0:08




	
2

	
5:10

	
6:02

	
0:08

	
6:10

	
7:02

	
0:08




	
3

	
5:20

	
6:12

	
0:08

	
6:20

	
7:12

	
0:08




	
4

	
5:30

	
6:22

	
0:08

	
6:30

	
7:22

	
0:08




	
5

	
5:40

	
6:32

	
0:08

	
6:40

	
7:32

	
0:08




	
6

	
5:50

	
6:42

	
0:08

	
6:50

	
7:42

	
0:08




	
7

	
6:00

	
6:52

	
0:08

	
7:00

	
7:52

	
0:08




	
8

	
6:10

	
7:02

	
0:08

	
7:10

	
8:02

	
0:08




	
9

	
6:20

	
7:12

	
0:08

	
7:20

	
8:12

	
0:08




	
10

	
6:30

	
7:22

	
0:08

	
7:30

	
8:22

	
0:08




	
11

	
6:40

	
7:32

	
0:08

	
7:40

	
8:32

	
0:08




	
12

	
6:50

	
7:42

	
0:08

	
7:50

	
8:42

	
0:08
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Table 3. One trip energy consumption for Skybus (airport to city).
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Test Cases

	
Energy Consumption (Yutong)

	
Energy Consumption

	
Total Energy Consumption

(One Trip)




	
Route

	
Stops






	
I

	
1.1 kWh/km

	
22.55 kWh

	
5.4 kWh

	
27.95 kWh




	
II

	
1.0 kWh/km

	
20.5 kWh

	
5.4 kWh

	
25.9 kWh




	
III

	
0.9 kWh/km

	
18.45 kWh

	
3.6 kWh

	
22.05 kWh
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