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Abstract

:

Rail transport, specifically diesel–electric trains, faces fundamental challenges in reducing fuel consumption to improve financial performance and reduce GHG emissions. One solution to improve energy efficiency is the electric brake regenerative technique. This technique was first applied on electric trains several years ago, but it is still considered to improve diesel–electric trains efficiency. Numerous parameters influence the detailed estimation of brake regenerative technique performance, which makes this process particularly difficult. This paper proposes a simplified energetic approach for a diesel–electric train with different storage systems to assess these performances. The feasibility and profitability of using a brake regenerative system depend on the quantity of energy that can be recuperated and stored during the train’s full and partial stop. Based on a simplified energetic calculation and cost estimation, we present a comprehensive and realistic calculation to evaluate ROI, net annual revenues, and GHG emission reduction. The feasibility of the solution is studied for different train journeys, and the most significant parameters affecting the impact of using this technique are identified. In addition, we study the influence of electric storage devices and low temperatures. The proposed method is validated using experimental results available in the literature showing that this technique resulted in annual energy savings of 3400 MWh for 34 trains, worth USD 425,000 in fuel savings.
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1. Introduction


Rising energy costs have become a serious concern in our societies in general and in passenger rail systems specifically. Subsequently, improving energy efficiency is an important objective to alleviate this problem globally [1]. Following that, the International Union of Railways (UIC) and Canadian Electrical Raceways (CER) set a new plan targeting some goals to be achieved in 2030. The program was established in December 2010, and the progress toward the goals has been monitored and reported yearly by the UIC (technical document “Monitoring report to 2020–2030 UIC/CER strategy targets”) since 2011 [2]. The goals set are as follows:




	
reduce the final energy consumed due to train operations by 30% compared to 1990 levels and



	
reduce the average CO2 emissions resulting from train operations by 50% compared to 1990 levels.








Although railways’ energy efficiency improvement started in 2010, the achievements are still far from the 2030 plan. Until 2014, the energy consumption required to move a passenger for 1 km was reduced by 13%, while CO2 emissions were reduced by 20% [3]. Hence, energy consumption and CO2 emissions still lag by 17% and 30% to fulfill the plan for 2030. Diesel–electric locomotives have a lower lifetime, lower efficiency, and higher maintenance costs than electric ones. These trains are used in remote areas where the number of passengers is quite limited, and the cost of installing a catenary is very high according to traffic needs [4]. In electric railways, regenerative braking is considered feasible to improve energy efficiency, and related policies were introduced a decade ago. Most of the studies in the literature are devoted to systems for electric locomotives, whereas the number of contributions for diesel–electric locomotives in non-electrified railways is still relatively low [5].



Usually, the brake energy is dissipated at the train’s roof in resistors, as shown in Figure 1. However, recent developments in energy storage devices have made energy storage a viable alternative in railway systems, especially in diesel–electric trains. The energy storage systems (ESSs) allow operation optimization and, therefore, maximize the regenerated brake energy. As a result, ESSs can improve energy efficiency by storing regenerated energy from conventional resistive braking [1].



Regenerative braking charges the storage systems by converting the train’s kinetic energy into electrical energy. In the regenerative braking mode, the train’s engine slows down on an incline or when approaching a train station. The traction motor acts as a generator during braking and converts torque energy into electrical energy, as shown in Figure 2. As such, fuel consumption and emissions are reduced [7]. The application of this technique is not limited to diesel–electric trains. It also serves for kinetic energy recovery in electric and hybrid cars, electric railway vehicles, electric bicycles, electric elevators, and crane lifting motors. Moreover, it can be used in any industry that uses a conveyor system to move material from one workstation to another with halts at a certain distance after a prescribed interval [8].



According to Inarida et al., in 2001, batteries recovered 15% of the diesel-electric train’s regenerated energy (300 kW) [10]. Their numerical results were extracted for a 2000 kW diesel engine operating for two hours with two full brake stations, as shown in Figure 3.



In 2007, Desplanques et al. [12] proved that energy regeneration is not limited to the full braking mode. Electrical energy can be regenerated during partial braking as in curves and from the difference of altitude between the start and stop stations. Therefore, 25% of the trains’ traction energy can be restored, which is 10% higher than Inarida’s results [10].



Moreover, according to the Association of American Railroads (AAR, Washington, USA) Train Energy Model (TEM) software, Painter [13] succeeded in saving energy using lead–acid batteries. According to his results, 3400 MWh were saved for 34 trains, worth USD 425,000 in fuel savings. His report at the University of Illinois, Urbana-Champaign, 2006 [13] details these results available. However, the current regenerated from the traction generator and the value of the grid’s resistance were required for obtaining these results. Such details are not readily available and vary significantly from one train to another worldwide. Therefore, a more straightforward method is essential to evaluate all trains’ energy recovery and savings without requiring complex and challenging inputs.



Fournier et al. report that up to 14% of energy saving can be achieved through timetable optimization [14]. More recent studies demonstrated that dynamic braking energy could be recuperated and energy efficiency improved in the railway system by using data from the black box of the train and based on the motion equation of the train. Energy savings of 10–20% and near 70% improvement in load factor and peak shaving are reported [15,16]. In another study, it has been proved that regenerative braking can save up to 30% of lost energy [17]. In 2020, Mayrink et al. [5] applied the electric brake regenerative for diesel–electric trains in Brazil. They proposed a methodology to calculate the fuel economy based on the force and friction power. They extracted the relation between the power dissipation in the resistors’ banks and the dynamic brake from the train’s black box. They use a linear approximation to simplify the calculations [5]. The results of this study were expressed in terms of MARR (minimum accepted rate of return) and NPV (net and present value) [18,19]. Generally, based on the positive NPV and a relatively small payback, the energy recovery from regenerative braking is a viable investment. It is highly recommended when dealing with the necessity to increase transportation efficiency and improve low-carbon mobility [20].



Based on previous studies, we propose in this paper a simplified method, programed in Excel, to assess the feasibility of implementing a regenerative braking system for a diesel–electric train. The software is capable of evaluating the performance of regenerative braking. It mainly uses the average velocity and the average mass of the train, which are easier for the user to obtain. In addition, it determines the energy consumption savings, the fuel savings, the payback period (ROI), and the GHG emission reduction per year.



The literature review confirms the novelty and utility of the proposed approach. Experimental procedures are presently used to determine alternative methods’ complex and challenging inputs. For example, a locomotive was added to the train to hold the batteries needed to perform the analysis in previous experimental studies. In addition, other hardware, such as sensors, are used to measure electrical energy stored in batteries for each electric break. Moreover, additional services should be added, such as installing computer programs to calculate the instant fuel consumption.



The assumptions made in our simplified approach are based on up-to-date knowledge published in scientific literature and are thoroughly justified. Therefore, this study represents a comprehensive analysis of ROI, net annual revenues, and GHG emissions reduction for different journeys using electric regenerative braking for diesel–electric trains. We use a simplified energetic model programmed in Excel code that eliminates all additional costs mentioned above. Furthermore, the model uses easily accessible data such as average velocity and weight. Therefore, the low cost, ease of data access, extensive applicability, and fast and reliable feasibility analysis are the most important assets of the proposed method.



This article is organized as follows. Section 2 reviews the characteristics of the main electric storage devices used in diesel–electric trains. Next, Section 3 describes the methodology used to calculate the annual fuel savings and GHG emissions reduction. The algorithm is implemented using in-house software. Then, in Section 4, a preliminary case is analyzed, and the algorithm is validated. After that, the results for the six case studies are obtained, compared, and discussed in Section 5. Finally, a conclusion is presented in Section 6.




2. Energy Storage in Diesel–Electric Trains


The brake regenerative technique described in the previous section highlights the need to store energy for application to diesel–electric trains. Different technologies and subsystems, such as vehicles, operations, and infrastructure, have been investigated for regenerative braking [21]. However, energy storage could serve electrical power systems to bridge the gap between available or optimal generation capacity and the load demand [21]. The electric energy storage systems used in diesel–electric trains are onboard (OESS) and stationary (SESS) energy storage systems. The power and energy capacities required by OESS are lower than those required by SESS.



On the other hand, SESSs are more flexible regarding the sizing of the system [22]. The feasibility of an energy storage system is determined by its main characteristics, such as energy density, life cycle, and unitary installation cost [23]. Moreover, the main alternatives used in the energy recovery from regenerative braking are batteries [24], supercapacitors [25], and flywheels [26]. Table 1 shows the characteristics of different energy storage systems available [27].



According to this table, flywheels are currently the most expensive alternative for existing diesel–electric locomotives, with an installation cost of USD 5000/kWh. Contrariwise, supercapacitors are a viable substitute from a financial perspective, as they cost USD 2000/kWh. Moreover, batteries have the lowest cost ranging between USD 250/KWh and USD 1400/kWh. Supercapacitors beat flywheels and batteries in terms of energy density. It exceeds both, 7 times for the first and ranges between 4 and 70 for the latter. In addition, supercapacitors have a higher lifetime and higher number of cycles compared to the other systems. As a result, according to Table 1, a global favorite energy storage system does not exist. In the same context, Table 2 shows the overall efficiency of the energy storage systems (ESSs), which is the total multiplication of the efficiency of each storage system itself, multiplied by the efficiency of the traction motor (80%).



According to Table 2, flywheels and supercapacitors have the highest efficiency values. However, García-Garre et al. consider that batteries are still the adequate ESSs for diesel–electric trains [29]. Nevertheless, the batteries are the cheapest energy storage, giving them a considerable advantage over alternative solutions. Generally, among energy storage systems, supercapacitors have drawn significant attention due to their high power density (10 kW kg−1), superior rate capability, rapid charging/discharging rate, long cycle life (>10,000 cycles) [30]. Consequently, the supercapacitor can bridge the gap between batteries and traditional capacitors in terms of both energy storage and power bursts. For instance, they can deliver an energy density several orders of magnitude higher than that of the dielectric capacitors and store and deliver many charges within seconds, which allows them to provide higher powers than batteries. In addition, there are some interesting benefits in supercapacitors, such as delivering peak power and backup power; extending battery run time and battery life; reducing battery size, weight and cost; and enabling low-/high-temperature operation. Section 4 of this paper considers the net annual revenue as a parameter to select the most appropriate energy storage systems.




3. Methodology


In this article, the algorithm proposed was applied on six train trips considering different operations (number of stations during the journey, number of curves, and the difference of altitude) and climate (cold, hot, and moderated weather) conditions. The algorithms applied facilitated determining the fuel savings, the payback period (ROI), and the GHG emission reduction per year. As input, the study used the following parameters:




	(a)

	
Train average velocity (v—measured in m/s), which defines the rate of change of the train position with respect to a frame of reference in terms of time. The values in the following sections are used according to experimental measurements in [28].




	(b)

	
Locomotive mass (m—measured in tons), which depends on the loads but ranges between 210 and 220 tons in the case of an empty train [31].




	(c)

	
Equivalent fuel-burning to produce electricity. This represents the number of kWh of electricity produced by burning 1 gallon of diesel fuel and equals 12 kWh/gal (fuel to electricity efficiency, F2EE = 12 kWh/gal) [32].




	(d)

	
Price of a diesel fuel gallon, which is equal to USD 4.24/gal (price of diesel fuel, PDF = USD 4.24/gal) [32].




	(e)

	
Characteristics of the energy storage system (ESS): the unitary installation cost, the life duration, the energy density, and the overall efficiency. These values are shown for five types of energy storage systems in Table 1 and Table 2 [27].




	(f)

	
Safety factor (SF) for investment cost of the ESS: expresses the capacity of the system for the intended load and is considered to be 300% in the following sections [27].




	(g)

	
Efficiency percentage including equipment availability and use: if not otherwise specified, the value used is 35% availability and usage of the ESS and auxiliary equipment [13].




	(h)

	
Percentage of speed reduction in curves: when the train approaches a curve, the driver must decrease the velocity by an average of 10% [23].




	(i)

	
GHG emission ratio: Table 3 below shows the GHG emissions coefficients according to the duty cycle and tier [33]. The “switch” type duty cycle is used at tier 3 for all the GHG emissions in this study.









Based on the RetScreen database, the CO2 emission reduction is considered constant, equal to 266.758 g/kWh [34].



As input, we consider the following parameters in the analysis:




	
B: Number of journeys per week for every train.



	
C: Difference in altitude (measured in meters) between the departure station and the destination station. We calculate the annual energy saved per train by the effect of the difference of altitude as the potential energy of the train.



	
D: Additional braking due to cold climate (%) can occur in the case of snow or heavy rain.



	
F: Number of curves between the departure station and the destination station.



	
G: Number of full brakes during the journey of the diesel–electric train.



	
H: Percentage of equipment availability and use (35%).



	
v: Train average velocity (measured in m/s).



	
J: Energy storage technology price per kWh (USD/kWh).



	
m: Locomotive mass (tons).



	
R: Percentage of speed reduction in curves (%).



	
W: Number of weeks in a year (W = 52).



	
η: Storage system’s overall efficiency (as per Table 2).








After that, the following equations (Equations (1)–(12)) were used:




	
Total energy saved per train per year during full brakes only (MWh):


   E  F u l l   b r a k e s   = H ∗ η ∗   1 +  D  100     ∗ G ∗ 0.5 ∗ m ∗  v 2  ∗ B ∗ W /  (  3600 ∗ 1000  )   



(1)







	
Total energy saved per train per year based on the difference of altitude (MWh):


   E  D i f f e r e n c e   i n   a l t i t u d e   =  H ∗ η ∗    1 +  D  100     ∗ m ∗ C ∗ 10 ∗ B ∗ W /  (  3600 ∗ 1000  )   



(2)







	
Total energy saved per train per year based on the number of curves (MWh):


   E  c u r v e s e n c e   =  η ∗ H ∗    1 +  D  100     ∗ 0.5 ∗ m ∗  v 2  ∗ F ∗   2 − R   ∗ R ∗ B ∗ W /  (  3600 ∗ 1000  )   



(3)







	
Total energy saved per year/train (MWh):


   E  T o t a l   =  E  F u l l   b r a k e s   +  E  D i f f e r e n c e   i n   a l t i t u d e   +  E  C u r v e s    



(4)







	
Average revenues per year/train (AvAnnRev—USD) associated with regenerative braking. These revenues are considered as the equivalent price of the fuel to burn to produce the same annual energy as the regenerative braking:


  A v A n n R e v =    E  t o t a l    ( MWh )  ∗ P D F  (  USD / gal  )    F 2 E E    (  kWh / gal  )  ∗ 1000    



(5)







	
Capital cost for the energy storage system/train (capital cost ESS technology—USD): This is essential to determine the size of the ESS technology system needed to store the amount of average regenerative energy recovered during one full braking multiplied by a security factor (SF, considered as 300%). The unitary installation cost J (UIC—USD/kWh) is shown in Table 1 [27].


  C a p i t a l C o s t E S  S  T e c h n o l o g y      ( USD )  = J ∗ C a p a c i t y   E S S    ( kWh )   



(6)






     C a p a c i t   E S S    ( kWh )  = SF ∗  E  O n e F u l l B r a k e                 = SF ∗ H ∗   1 +  D 100    ∗ 0.5 ∗ m ∗  v 2  / 3600     



(7)







	
The volume of the used ESS V (m3): The size of the ESS needed to store the energy recovered by the regenerative brake is determined by the following equation:


  V =   C a p a c i t y   E S S    ( kWh )    d    (    kWh    m 3     )     



(8)







	
Average annual expenses/train (AvAnnExp—USD) associated with regenerative braking. These expenses are related to operation and maintenance fees that are considered to be 10% of the capital cost (PMC—percentage of maintenance cost, 10%) [28]. This percentage is relatively low since no specific maintenance operation fees are associated with the storage system itself but with the rest of the regenerative equipment. This annual cost is added to the annual equivalent of the replacement of ESS equipment. Therefore, it is equivalent to the quotient between capital investment cost for ESS equipment and its lifetime (NY) as it appears in Table 2 [30]:


  A v A n n E x p = P M C ∗ C a p i t a l C o s t E S  S  T e c h n o l o g y   +   C a p i t a l C o s t E S  S  T e c h n o l o g y     NY    



(9)







	
Net annual revenues/train (NetAnnRev—USD) associated with regenerative braking. These are the difference between the average annual revenues and the average annual expenses:


  N e t A n n R e v = A v A n n R e v − A v A n n E x p  



(10)







	
Return on investment or restitution period (ROI—years). It represents the duration to recover the initial investment using the annual benefits (difference between the average annual revenues and expenses):


  ROI =   C a p i t a l C o s t E S  S  T e c h n o l o g y     N e t A n n R e v    



(11)







	
Annual emission reduction (AER) for HC, CO, NOx, PM, and CO2, which is determined using the GHG emission standard coefficients (GHGESC—g/kWh) as shown in Table 3 [35]:


  A E R = G H  G  E S C   ∗  E  T o t a l    



(12)












As mentioned before, this study was conducted with six real train operation routes, the characteristics of which are presented in Table 4.



In the above table, cases 1, 2, and 3 are related to trips in a cold climate. The temperature effect is considered according to Khadim et al. [35]. If the temperature is above 0 °C through all the months of the year (average monthly temperature), the effect of temperature will be assumed as negligible even if it was considered cold weather. Elsewhere, for example, if we have just four months in the year with −4 °C and the average temperature of the other months was above 0 °C, the temperature effect is (4/12) * ((−4) * (−8)/10) = 1.067%, approximately. Another example, if we have three months in the year with −4, −6, and −11 °C and the average temperature of the other months is above 0 °C, the temperature effect is (1/12) * ((−8)/10) * (−4 − 6 − 11) = 1.4%.



There are five cold months for case 1 (London), with average temperatures between 6 and 10 °C. The cold temperature effect is evaluated at 0% additional charge per year [36]. For case 2 (Montreal), there are seven months subject to cold temperature effects. The average temperature varies from −9 to 10 °C. The cold temperature effect is evaluated at approximately 3.84% additional charge per year [36]. In case 3 (Schefferville), 10 months are known to have cold episodes where the average temperatures range between −24 and 9 °C. The cold temperature effect is evaluated at approximately 11.22% additional charge per year [37].



Case 1 has the highest number of trains, while case 2 has the highest number of travels per week/train, and case 3 has the lowest temperature and the highest altitude difference.



Moreover, cases 4, 5, and 6 are in hot climate environments. Therefore, the additional load due to the temperature was considered negligible. Case 4 has the higher temperature, while case 5 has the highest number of stations (full brake), and case 6 has the maximum number of trains and altitude difference.




4. Base Case and Validation


To determine the best electric storage system for the application and validate the proposed method, we use the base case study in Table 5. Based on the previous section equations, the energetic, financial, and ecologic results for different electric storage systems are shown in Table 6.



According to Table 6, it is clear that the energy saved based on altitude difference is negligible compared to the total energy saved per year/train. On the other hand, the energy saved per train per year during full brakes only and the energy saved per train per year based on the number of curves represent around 47% and 53% of the total energy saved per year/train. This is due to the high number of curves, equal to 48.



Moreover, in terms of the ESS storage volume required, there is no need for an additional boxcar in the train as the ESSs’ volume does not exceed 1 m3, except for the flywheel and NiCd. Conversely, in terms of net annual revenues/train, the lead–acid battery is the best choice where its cost is around USD 33,800, and the flywheel is the worst, with annual expenses higher than revenues. In comparison, the other ESSs have similar revenues with an average of USD 22,000/year.



Additionally, Table 6 shows the values for ROI, capital cost for the energy storage system/train (USD), and annual GHG emissions savings/train (kg) for different energy storage systems based on the operational scenario. The analysis of ecologic benefits shows that all ESSs have a quasi-similar effect on annual GHG emissions savings. Regarding ROI, the lead–acid batteries have the best payback period, approximately 5 months (0.41 years), while the flywheel has the worst, infinite. In addition, regarding capital cost, the flywheel and supercapacitors are more expensive than the others. As minimum ROI and capital cost solutions are chosen in industrial and commercial applications, the lead–acid, Li-ion, and NiCd batteries are the best energy storage systems, with very good annual net revenues and annual GHG emission reduction values.



Furthermore, using the lead–acid batteries to store electricity, the total energy saved per year for 34 trains is 3580 MWh, and the related annual net revenues per year will be USD 1,150,000. Under the same conditions, Painter’s results showed that the annual energy saved was 3400 MWh, worth USD 425,000 of fuel savings [13]. The difference is around 5% for the saved energy (MWh) and 270% for fuel savings (USD). The high difference percentage for fuel savings is due to the difference of diesel gallon’s price between 2006 and 2021 where it increased from USD 1.66 to USD 4.24 in the mentioned period, which is a 2.55 ratio increase. Considering the fuel gallon price adjustment, the difference is only 5.6% for fuel saving (USD).



Therefore, it is confirmed that the model and the in-house excel software proposed in this article adequately represent regenerative braking performances. The difference between the experimental results and other potential variations depends on specific ESS prices and performance. Even the technological evolution may change the results, but the algorithms and software will remain valid.




5. Results and Discussion


This section determines the performance of regenerative braking for the six operation scenarios. As mentioned before, the performance is subject to different climate conditions (cold, hot, and moderate weather) and other metrics. Additionally, the total energy saved per year/train (MWh), the net annual revenues/train (USD), the ROI, and the annual GHG emission reduction (kg) per train are analyzed. Each operation scenario’s elements such as the number of trains, duration of the travel, number of curves, number of full brakes, the difference in altitude, number of journeys per week for each train, and the temperature effect are presented in Table 4. In addition to the information in Table 4, we used the same input parameters shown in Table 5 except for the velocity, specified separately for each case study. Based on the base case results, only the lead–acid batteries were selected as ESSs to compare the impact of regenerative braking for the different scenarios. They provided the highest net revenues, GHG savings per year, and lower ROI, as observed in Table 6.



Similarly, Figure 4 and Figure 5 are used to compare the ROI values and the net annual revenues/train (USD). In addition, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 are used to compare the different yearly emission reductions per train for the six cases.



As seen in Figure 4, the ROI values are low (less than two years), which shows that using electric brake regenerative energy is profitable and feasible. Likewise, and according to Figure 5, case 1 has the highest revenues per year/train, around USD 19,000, and case 6 has the lowest one, around USD 2100. Moreover, if the capital cost of the ESS is divided over the net revenues, the highest ROI values are obtained in cases 1 and 6. Oppositely, the lowest ROI values are obtained in cases 2 and 5, which present a low capital cost of ESS per year/train and high net revenues per year/train. This indicates that the obtained results are reliable.



In terms of annual GHG emission reduction, case 1 has the maximum yearly reduction per train, representing around 53 kg for HC, 212 kg of CO, 441 kg of NOx, 9 kg of PM, and 17,571 kg of CO2. This result is obtained because case 1 has the highest energy saved per year/train (around 66 MWh), given that the annual GHG emission reduction is strictly proportional to the annual energy saved.



Cases 1, 2 and 5 have the highest annual net revenues because they have the highest number of full brakes and curves. On the other hand, although case 6 has eight full brakes during its journey, the number of curves in its case was relatively low. Furthermore, we can see that case 6 has double the number of full brakes than the ones in case 4, so, typically, it has the higher annual net revenues, although they have a similar number of curves. On the other hand, it is clear that the number of full brakes and curves in case 3 is higher than the ones in case 4, but the big difference in the number of travels between these two cases makes the annual net revenues in case 4 higher than in case 3.



Briefly, the two main important parameters in fuel economy calculation using electric brake regenerative were the number of full brakes and the number of curves. The difference of altitude and the percentage of effect of low temperature did not present high importance. On the other hand, the enormous difference in the number of travels per week for each train may change the results, regardless of the number of full brakes and the number of curves during the train’s journey. These results are estimated and normal, especially when analyzing the equations and their parameters. The analysis of the importance of these parameters in fuel economy calculation leads the users or train companies to consider that if the train’s trajectory has a low number of curves, number of travels per week, and full brakes, it is not recommended to use this technique.



Finally, through the results achieved in this article, we recommend that policymakers use electric brake regenerative solutions to improve the energy efficiency of diesel–electric trains, even in cold weather (case 3 proves this clearly). The Excel code described in this paper makes the calculation of gain and profitability easier, depends on simple data to access, and provides faster and reliable results. The reduction in fuel consumption and GHG emissions using this technique contributes to reaching the International Union of Railways (UIC) and Canadian Electrical Raceways (CER) strategy targets mentioned in the introduction. In addition, using energy storage systems in diesel–electric trains is a great strategy to improve energy performance. Therefore, it is helpful to study and analyze other techniques that depend on energy storage, such as using PV solar panels on the train’s roof and storing the energy produced during the train’s journey.




6. Conclusions


This article proposed a simplified method to determine the feasibility of using electric regenerative braking to improve the train’s energy efficiency. The model (Excel code) analyzes the energy saved, the corresponding net revenues per year, and the ROI. This model also computes the GHG emission reduction. The validation used a base case study from the scientific literature to choose the most appropriate energy storage systems. Moreover, the safety regenerative braking is compromised when the ESS storing the recovered energy is 100% charged. The excessive charge would cause the battery’s voltage to rise above a safe level.



Electric regenerative braking was proved to be profitable and feasible. It increases the performance of the energy system of the train and reduces pollution associated with supply generation. Low ROI values demonstrate this, less than two years for all the studied cases. In parallel, the net annual revenues/train and GHG emissions savings were always positive for all the studied cases. The lowest ROI values were obtained in the cases for Montreal and Sydney due to their low capital cost of ESS per year/train and high net revenues per year/train. However, the case of London had the maximum annual fuel reduction per train because it has the highest energy saved per year/train and the maximum yearly GHG emission reduction. Finally, the number of full brakes had the most significant influence in general, except when plenty of curves or high-altitude differences existed. Future research can perform tests on a batch of data using artificial intelligence or statistical analysis to pave the way toward smart management energy systems in the Industry 4.0 era.
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Nomenclature and Symbols




	AAR
	Association of American Railroads



	AER
	Annual emission reduction



	AvAnnExp
	Average annual expenses/train



	AvAnnRev
	Average revenues per year/train



	CapitalCostESSTechnology
	Capital cost for the energy storage system/train



	CER
	Canadian Electrical Raceways



	ESS
	Energy storage system



	F2EE
	Fuel to electricity efficiency



	GHG
	Greenhouse gas



	m
	Locomotive mass



	NetAnnRev
	Net annual revenue/train



	OESS
	On-board energy storage system



	PDF
	Price of diesel fuel



	ROI
	Payback period



	SESS
	Stationary energy storage system



	SF
	Safety factor



	TEM
	Train energy model



	UIC
	International Union of Railways



	v
	Train average velocity



	η
	Efficiency of the energy storage system
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Figure 1. The rheostatic braking process in diesel–electric locomotive [6]. 
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Figure 2. The regenerative braking process in the diesel–electric train [9]. 
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Figure 3. The traction and braking mode during a journey [11]. 
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Figure 4. Comparison of ROI for the six cases when using the electric brake regenerative technique. 
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Figure 5. Comparison of net annual revenues/train (Thousands USD) for the six cases when using the electric brake regenerative technique. 
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Figure 6. Comparison of annual emission saving per train for HC (tons) for the six cases when using the electric brake regenerative technique. 
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Figure 7. Comparison of annual emission saving per train for CO (tons) for the six cases when using the electric brake regenerative technique. 
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Figure 8. Comparison of annual emission saving per train for NOx (tons) for the six cases when using the electric brake regenerative technique. 
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Figure 9. Comparison of annual emission saving per train for PM (tons) for the six cases when using the electric brake regenerative technique. 
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Figure 10. Comparison of annual emission saving per train for CO2 (tons) for the six cases when using the electric brake regenerative technique. 
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Table 1. The main characteristics of electric storage systems [27].
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	Storage System Technology
	Flywheel
	Lead–Acid
	Li-Ion
	NiCd
	Supercapacitors





	Unitary installation cost (USD/kWh)
	5000
	275
	1400
	1400
	2000



	Lifecycle (number of years)
	17.5
	7
	15
	17.5
	20



	Energy density (Wh/L)
	50
	65
	80
	5
	350
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Table 2. The overall efficiency of the energy storage systems [28].
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	Storage System Technology
	η Storage System
	η Traction Motor
	η Overall





	Flywheel
	0.94
	0.8
	0.752



	Lead–acid battery
	0.8
	0.8
	0.64



	NiCd battery
	0.625
	0.8
	0.5



	Supercapacitors
	0.925
	0.8
	0.74



	Li ion
	0.87
	0.8
	0.696
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Table 3. GHG emission standard coefficients (g/kWh) [33].
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Duty Cycle

	
Tier

	
HC

	
CO

	
NOx

	
PM

	
CO2






	
Line-haul

	
0

	
1.34

	
6.7

	
12.73

	
0.29

	
266.758




	
1

	
0.74

	
2.95

	
9.92

	
0.29

	
266.758




	
2

	
0.4

	
2.01

	
7.37

	
0.13

	
266.758




	
3

	
0.4

	
2.01

	
7.37

	
0.13

	
266.758




	
4

	
0.19

	
2.01

	
1.74

	
0.04

	
266.758




	
Switch

	
0

	
2.81

	
10.72

	
15.81

	
0.35

	
266.758




	
1

	
1.61

	
3.35

	
14.74

	
0.35

	
266.758




	
2

	
0.8

	
3.22

	
10.85

	
0.17

	
266.758




	
3

	
0.8

	
3.22

	
6.7

	
0.13

	
266.758




	
4

	
0.19

	
3.22

	
1,74

	
0.04

	
266.758
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Table 4. Studied cases and their characteristics [36].
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Cases of Study

	
Number of Trains

	
Number of Curves

	
Altitude Difference (m)

	
Number of Stations (Full Brake)

	
Number of Travels per Week/Train

	
Temperature Effect (%)






	
1

	
London to Edinburgh

	
18

	
48

	
20

	
8

	
7

	
0%




	
2

	
Toronto to Montreal

	
8

	
17

	
50

	
8

	
14

	
3.84%




	
3

	
Sept-Îles to Schefferville

	
1

	
10

	
200

	
6

	
4

	
11.22%




	
4

	
Luxor to Aswan

	
4

	
5

	
40

	
4

	
14

	
0%




	
5

	
Sydney to Henty

	
2

	
24

	
30

	
9

	
14

	
0%




	
6

	
Champaign to Chicago

	
6

	
8

	
100

	
8

	
7

	
0%
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Table 5. Input parameters used in the base case study of electric regenerative braking.
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	Input Parameters
	Values





	Train average speed
	50 m/s



	Locomotive mass
	215 tons



	Number of trains
	34



	Number of curves
	48



	Altitude difference (m)
	20 m



	Number of stations (full brake)
	8



	Number of travels per week/train
	7



	Temperature effect (%)
	0%
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Table 6. Energetic, financial, and ecologic results for different ESS in the base case study.
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	Parameters/ESS
	Flywheel
	Lead–Acid
	Li-Ion
	NiCd
	Super Capacitors





	Total energy saved per train per year during full brakes only (MWh)
	57.22
	48.70
	42.61
	39.56
	52.96



	Total energy saved per train per year based on the difference of altitude (MWh)
	1.14
	0.97
	0.85
	0.79
	1.06



	Total energy saved per train per year based on the number of curves (MWh)
	65.23
	55.51
	48.57
	45.10
	60.37



	Total energy saved per year/train (MWh)
	123.59
	105.18
	92.03
	85.46
	114.38



	Average revenues per year/train (USD)
	43,647.23
	37,146.58
	32,503.26
	30,181.6
	40,396.9



	Capital cost for the Energy Storage System/train (USD)
	294,729.17
	13,795.83
	61,454.17
	57,064.58
	109,112.5



	Volume of the technology V (m3)
	1.179
	0.772
	0.549
	8.152
	0.156



	Average annual expenses/train (USD)
	46,314.58
	3350.42
	10,242.36
	8967.29
	16,366.88



	Net annual revenues/train (USD)
	(2667.35)
	33,796.16
	22,260.9
	21,214.3
	24,030.03



	Return on Investment or restitution period (ROI)
	infinite
	0.41
	2.76
	2.69
	4.54



	Annual emission saving per train for HC (kg)
	98.87
	84.15
	73.63
	68.37
	91.51



	Annual emission saving per train for CO (kg)
	397.96
	338.68
	296.35
	275.18
	368.32



	Annual emission saving per train for NOx (kg)
	828.04
	704.72
	616.63
	572.58
	766.38



	Annual emission saving per train for PM (kg)
	16.07
	13.67
	11.96
	11.11
	14.87



	Annual emission saving per train for CO2 (kg)
	32,968.12
	28,057.98
	24,550.73
	22,797.11
	30,513.05
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