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Abstract

:

The publication presents a proposal of methodology for the evaluation of electric vehicle energy storage, based on examples of three types of batteries. Energy stores are evaluated in different categories such as cost, reliability, total range, energy density, battery life, weight, dependency on ambient temperature, and requirements of battery conditioning system. The performance of the battery systems were analyzed on exemplary 4 × 4 vehicle with 4 independent drives systems composed of inverters and synchronous in-wheel motors. The studies showed that the best results were obtained for energy storage built on LFP prismatic batteries, and the lowest ranking was given to energy storage built on cylindrical NMC batteries. The studies present the method of aggregation of optimization criteria as a valuable methodology for assessing design requirements and the risk of traction batteries in electric vehicles.
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1. Introduction


Reduction of CO2 emissions and attempts to influence global warming have been two of the main goals of the economies of developed countries for many years. One of the main factors significantly affecting the emission of greenhouse gases is transport, which is why developed countries, have adopted strategies for the sustainable development of transport, which specify in detail the required actions in this direction in time intervals. The transport policy of the European Union has developed long-term plans, which, among other things, assume a 60% reduction in CO2 emissions from the transport sector by 2050 compared to the 1990 level [1,2,3,4,5]. One of them is to increase the role of electric vehicles in road transport and to adapt the appropriate infrastructure for the development of electromobility.



The development of electric vehicle technology is closely related to the methods of energy storage. In modern electric vehicles, the most popular method of energy storage is in electrochemical lithium-ion batteries, however, their remaining problem is how to accurately determine the degree of battery life and the actual capacity available for energy. Accurate determination of these parameters is critical due to the predictability of operation and the estimated range of the vehicle.



The basic parameters characterizing lithium-ion batteries are: capacity, nominal voltage, energy and power density, continuous and peak current carrying capacity, maximum charging current, and operating temperature. The key parameters necessary for estimation during the life of the battery are the state of charge (SOC) of the battery in relation to the nominal capacity, as well as the life of the cell, which determines the state of health (SOH) of the battery. When assessing these values, additional quantities important to understand the condition of Li-ion batteries are: Depth of Discharge (DOD), Depth of Charge (DOC), Open Circuit Voltage (OCV), and Internal Resistance (IR).



Lithium-ion batteries are characterized by a high non-linearity of the discharge voltage characteristics as a function of the state of charge, and are also dependent on temperature changes [6]. Therefore, their modeling is a challenge, especially at operating points where it is impossible to carry out a continuous measurement.



The SOC parameter is one of the main attributes of the cell and is defined as the ratio of the current capacity during the measurement to the nominal value. In the case of energy storage in an electric vehicle, this parameter is critical for the estimation of the vehicle range. The most accurate methods of measurement SOC are used only in the laboratory or in the post-production process, and the main purpose is to define dependencies of battery critical parameters in full operational range. One of the basic methods of measuring SOC is the open-circuit discharge test (SOC-OCV) that allows to determination of the SOC-OCV (voltage to SOC) characteristics. Another laboratory method used for assessing the state of charge and battery health is the internal resistance measurement. This method is based on the observation that during the operation of a lithium-ion battery, material degradation processes occur, which cause an increase in the internal resistance of the cell, which causes a decrease in its efficiency [7,8,9].



The most common method of estimating SOC in operating conditions is the so-called load-counting Coulomb method [10]. The advantage of this method is the ability to perform the measurement without the need to disconnect the load at the battery terminals. In practice, counting the total charge taken by the energy storage is done by measuring the currents flowing in and out of the battery, and then their values are integrated and compared with a predetermined mathematical model.


   S O C = S O C  (   t 0   )  +  1   C  r a t e d       ∫    t 0     t 0  + τ    (   I b  −  I  l o s s    )  d t   



(1)




where: SOC(t0) is the initial state of charge, Crated is the rated capacity of the battery, Ib is the current flowing through the cell, and Iloss is the loss current [11].



There are many other methods in the literature, such as those that use fuzzy logic [10], neural networks [7,12], the concept of the Kalman filter [13,14,15], adaptive methods [16], considering temperature and ageing [17] or various types of learning algorithms [18].



The state of health of the battery is another parameter that is very important in energy storage research. Modeling of SOH requires the development of an aging model that is based on time-consuming accelerating testing in various operating conditions [19]. Accelerated aging studies require finding the factors that most influence the change of critical battery parameters and estimating the accelerating factor (AF), which refers to the operation in real operating conditions.



The main factors influencing the aging process in batteries are temperature, the current flowing through the cell, and electric field strength in the electrolyte measured as the voltage at the terminals [19]. These three measurable parameters during operation are used to estimate the state of energy storage conditions in the analyzed environment [20]. Important parameters affecting SOH during the operation of the energy storage are the DOC and DOD in a given cycle. Based on these parameters, the percentage of energy storage consumption is estimated by comparing the measured values with the previously developed aging model of the tested energy storage. The example of the methods of determining the SOH is based on dependencies on changes in internal resistance, as discussed in [21,22], or the method of electrochemical impedance spectroscopy (analysis of the Nyquist characteristic) [19]. Adaptive methods using Kalman filters [13], fuzzy logic algorithms [10], or neural networks [23] are increasingly common in the literature. They allow for a more accurate estimation of the state of charge by analyzing the data of electrochemical processes characterized by high non-linearity [22,24,25]. Some of the more advanced methods analyze the rate of DOC and DOD and justify the effect of microcycles in the SOH algorithm, which gives a much more accurate picture of energy storage consumption. This is an important factor in the case of e.g., regenerative braking where the magazine is topped up to a limited extent at short intervals [19].



The state of wear of a battery cell at the rated temperature Tn and rated current In is easiest to present using the relationship [19]:


   S O H =   C  (   I n  ,  T n   )     C  B O L    (   I n  ,  T n   )      



(2)




where: SOH is the State of Health) (%); C is the current electric capacity of the cell, and CBOL is the electric capacity of the new cell.



One of the main criteria for the division of lithium-ion cells used in mobile energy storage is the chemical composition used in the construction of the battery cell. Due to the material used to build the cathode, the most commonly used cells in electric vehicles are lithium nickel aluminum (NCA), lithium manganese (LMO), lithium iron phosphate, and increasingly used nickel manganese cobalt (NMC) cells [26].



The purpose of this publication is to analyze the selection of electrochemical energy storage cells for a delivery vehicle with an electric drive. Among the many currently used types of electrochemical cells in their typical packaging, three types of cells were analyzed: LiFeYPO4—LFP prismatic (WB-LYP100AHA cells were selected for testing), LiNiMnCoO2—NMC cylindrical (Samsung 18650 Li-ion 3000 mAh INR18650-30Q), and LiNiMnCoO2—NMC pouch (LG E76 cells were selected for testing).



For the presented types of cells, on the basis of tests using a real electric vehicle, the energy demand was estimated in various operating conditions, including changing environmental conditions, mainly temperature, and road conditions including changes in speed and slope. The profitability of using a given type of cells was analyzed, taking into account the charging levels of the energy storage, temperature conditions during operation, as well as the reliability of the storage structure, depending on the components used and the configuration of the cells in the storage. Based on the developed models, the service life (SOH) and the cost-effectiveness of the choice of a given electrochemical cell technology were estimated.




2. Materials and Methods


2.1. Electric Vehicle Range


One of the main operating parameters of the vehicle is its range, defined as the distance traveled by the vehicle with full use of energy storage. In the case of an electric vehicle, this applies to the full use of energy stored in the batteries under certain driving and speed conditions [27]. The range of the vehicle depends on design factors, operating conditions, and resistance to motion [28]. Below are the most important dependencies that are taken into account in the simulation of an electric vehicle.



All forces included in the developed model can be represented by the following equation:


    F F  =  F  R R   +  F  a i r   +  F s  +  F I  +  F  I W D     



(3)







Rolling resistance force FRR:


    F  R R   = µ ·  m  t o t   · g   



(4)




where: µ is the coefficient of friction, mtot is the mass of the vehicle with load and energy storage, mev is the mass of the vehicle without the energy storage, mes is the mass of the energy storage, and mload is the mass of the load.


    m  t o t   =  m  e v   +  m  e s   +  m  l o a d     



(5)







The Fair drag force is calculated from the following relationship:


    F  a i r   =  1 2   ρ p  ·  C x  ·  A  f r o n t   ·  V 2    



(6)




where: ρp is the air density (constant 1205 kg/m3), Cx is the drag coefficient, V is the vehicle speed, and Afront is the frontal area of the vehicle.



The sliding force FI is described by the following equation:


    F S  =  m  t o t   · g · sin  ( α )    



(7)







Driving resistance dependent on acceleration or braking is calculated from the relationship between the total weight of the vehicle and acceleration/braking a:


    F I  =  m  t o t   · a   



(8)







Losses resulting from the transmission of drive in a 4 × 4 vehicle powered by an electric motor placed in the wheel depend on the torque generated by the TIWD motor at a given radius of the vehicle wheel r:


    F  I W D   =    T  I W D    r    



(9)








2.2. Energy Storage System Configuration


As mentioned above, three types of cells were adopted to analyze the energy storage of the delivery vehicle: LFP prismatic, NMC 18,650 cylindrical, and NMC pouch.



The first type of cells, i.e., lithium iron phosphate LFP (LiFeYPO4) cells, have a significantly lower energy density of 90–120 Wh/kg and a lower nominal voltage of 3.2 V compared to the technology mentioned above. In addition, they have a higher self-discharge rate. On the other hand, these cells enable operation in a wide range of temperatures, high charging (5 C), and discharging (30 C) currents, and offer a long service life of more than 5000 cycles. In addition, among lithium-ion technologies, these cells are considered safe due to high thermal and chemical stability, resistance to emergency conditions, i.e., deep discharge, overcharge, short circuit, and high resistance to mechanical damage. For this reason, it is a technology that is particularly used for applications in harsh environmental conditions and in particular in the absence of thermal conditioning systems. Cells with chemistry of this type are most often implemented in the form of cuboids. The numerous advantages of LiFeYPO4 cells have also contributed to a significant share in the field of electromobility. Figure 1 shows the capacity characteristics for the WB-LYP160Ah cells as a function of the number of cycles for the adopted operating ranges of 0–100%, 10–90%, 20–80%, and 30–70% [29].



Lithium-nickel-manganese-cobalt NMC cells (LiNiMnCoO2) are characterized by an energy density of 160–230 Wh/kg, a nominal voltage of 3.6 V, and average values of charging current (0.7–1 C) and discharging (1–3 C). These cells are most often in the form of flat aluminum bags, which means that they are called “pouch” cells. The biggest disadvantage of this technology is the small number of cell cycles, an average of 500-1000. As of today, they constitute a dominant part of the battery market for electric and hybrid cars by Nissan, BMW, Reno, Kia, and many others. Figure 2 shows the capacity characteristics for INR18650-30Q cells as a function of the number of cycles for the adopted operating ranges of 0–100%, 10–90%, 20–80%, and 30–70%.



Figure 3 shows the dependence of the internal resistance of the analyzed cells depending on their temperature.



The tests were carried out on a 4 × 4 vehicle consisting of four sets of drives with motors placed in the wheel hub (Figure 4). The inverter is located not far from the engine on board the vehicle. Similar to the inverter, the energy storage is located centrally in the vehicle frame. Thanks to the modular design of the energy storage, it was possible to build replaceable cassettes containing different types of cell chemistry and corresponding connection configurations, the details of which are presented in Table 1.




2.3. Reliability Engineering


Reliability is an important non-functional parameter of any road vehicle and its quantitative estimation at the design stage is a major challenge. For this purpose, it is necessary to carry out many tests and analyses, identify critical system elements, and assess the risk and failure rate during operation. In a vehicle powered by electricity, an additional element that has a significant impact on reliability is energy storage. In contrast to internal combustion vehicles, in which the energy is stored in the fuel tank, electrochemical energy storage devices are much more complex devices and have a higher failure rate [30,31].



System reliability is defined as the probability that a given component or system will be able to perform the required functions under given conditions for a certain period of time and mathematically as R:


   R  ( t )  =  e  − λ t     



(10)




where: R is Reliability and λ is failure rate (1/year).



The probability of failure-free operation of the entire system depends on the product of the reliability of each component of the energy storage. This can be written by the formula below:


    R S  =  R 1  ·  R 2  · …  R n    



(11)







The Reliability Block Diagram (RBD) model represents the dependence of the basic components of the energy storage in order to assess their impact on the reliability of the entire system, where RS is the reliability of the entire system, and Rn designates the reliability of a single component in the system. Figure 5 shows a simplified RBD used for the estimation of the reliability of analyzed energy storage.



In the analyzed energy storage systems, a serial system was assumed, which accepts the share of failure of a single system component in the failure rate of the entire system. The model assumes that failure-free operation of all components of the energy storage is required for the full functionality of the energy storage. This assumption is a certain simplification, because in most cases a failure of a single cell does not cause a complete lack of power supply to the electric drive, but it causes more or less noticeable limitations, e.g., in power or range, and may also contribute to increasing the safety of use.



Table 2 presents the assumptions and results of the RBD analysis of the considered energy storage configurations.



The analysis assumed the reliability of a single battery cell Rbat = 0.995 (99.5%), the mission time y = 10 years [31], and a one-parameter exponential distribution was assumed as the model type. The analysis of the obtained results (Figure 6) shows that the Type 1 (LFP prismatic) energy storage has the best parameters in terms of reliability, with a reliability of 0.5325 under the above-mentioned assumptions, and the estimated failure rate is 0.006 per year. Type 3 energy storage (NMC pouch) with NMC chemistry has a reliability of 0.3072 and an expected failure rate of 0.118 failures/year. The worst in terms of reliability is the Type 2 energy storage, built of cylindrical cells, showing a very high statistical failure rate of over three failures per year. This is justified by the very large number of components (6048 pcs) included in this system. It should be clarified here that in the case of energy storage built on cylindrical cells, a failure of one cell does not mean a critical failure of the entire system, but it is registered by the diagnostic system and signals the problem at the next service action.




2.4. Test Cycles


Three test procedures WLTP, WLTP-90, and City Flat Road were selected for the study. The laboratory test WLTP (Worldwide Harmonized Light Vehicle Test Procedure, WLTP) [32,33] is a global standard that allows the comparison of exhaust emissions and energy consumption of light vehicles in different regions of the world. The WLTP procedure for each group of vehicles (class) determines four driving sections with different speeds: low, medium, high, and very high. In each of these parts, the driving, acceleration, braking, and standstill phases are separated.



The WLTP test cycle (World Harmonized Light Vehicle Test Procedure) reproduces the conditions of traffic intensity prevailing both in cities and on the motorway. This is a test cycle that, from 1 September 2017, replaced the previously used NEDC schedule. From 1 September 2019, the WLTP cycle is the basic cycle for testing the energy consumption of all newly manufactured cars. This cycle is intended for electric vehicles, motor vehicles, and light commercial vehicles. The WLTP test schedule was developed in 2015 by automotive experts mainly from the European Union, Japan, and India, in accordance with the guidelines of the UNECE World Forum for Harmonization of Vehicle Regulations. In 2017, the test cycle was modified for individual test classes [33].



In accordance with the provisions contained in Sub-Annexes 1 and 8 of Commission Regulation (EU) 2017/1151 [33], electric vehicles (PEV) are class 3 vehicles, and if their speed does not exceed 120 km/h—class 3a. According to Sub-Annex 1, energy consumption tests for this type of vehicle should be carried out on the basis of the WLTP test cycles: the Low3(A1/7) phase, the Medium3-1(A1/8) phase, the High3-1(A1/10) phase, Extra High3(A1/12), and the characteristics of which are shown in Figure 7.



For the WLTP test cycle, the average vehicle speed is 46.39 km/h, and the maximum speed is 131.3 km/h. The duration of the test is 1800 s and the length of the test route is 23.19 km [33].



The WLTP test procedure allows vehicles with a design-limited maximum speed to be tested below the maximum cycle speed of a given class by carrying out a modified test. According to the procedure, once the vehicle reaches its maximum speed, it should be maintained at this speed. In addition, the period of operation at this speed should be increased by th time that the distance traveled during each test segment is equal to the distance traveled during the unmodified test [33]. On this basis, most electric drive systems of delivery vehicles are tested, where the limit speed is often 90 km/h. In this situation, the test procedure is designated as WLTP-90 (Figure 8).



A different test cycle in relation to WLTP cycles, where only the speed is set for the vehicle at a certain time, is the City Flat Road test. In the test developed by the authors, not only the speed in a given time is set, but also the slope of the terrain and the height of the test route above sea level (Figure 9). The City Flat Road test procedure is therefore close to real road conditions.





3. Modeling


Simulations on the model were carried out in the MODELICA environment [34]. The Modelica language enables the modeling of cyber-physical systems, thanks to the ability to combine components described by mathematical equations and physical relationships to facilitate modeling. The object orientation of the structure enables the use of component models in libraries to use for modeling complex systems containing, for example, mechanical, electrical, electronic, magnetic, hydraulic, and thermal components as well as control principles and methods [34].



Figure 10 shows a model of a delivery vehicle with an electric 4 × 4 drive system.



The developed mathematical model of a vehicle with an electric drive reflects the work of subsystems and modules included in the considered vehicle as a whole, such as:




	–

	
the vehicle body with the forces acting on it,




	–

	
electric drive system consisting of a synchronous motor module, an inverter module, and an electricity storage module,




	–

	
transmission system—automatic gearbox with differential,




	–

	
the module for setting the route to be traveled by the vehicle,




	–

	
module for setting temperature parameters of the external environment,




	–

	
vehicle loading status setting module,




	–

	
a module of the thermal conditioning system for the elements of the electric drive system and the passenger compartment together with the ventilation system, consisting mainly of the heat pump module, a bus of valves controlling the flow of heat energy, and heat exchangers,




	–

	
module simulating the operation of on-board devices (low-voltage installation of the vehicle, vehicle lighting system, power supply for the terminal of the logistics company system, tachograph power supply, power supply for the audio system, power supply for 12VDC sockets in the vehicle cabin, interior lighting of the vehicle cabin and cargo area, lighting of the vehicle charging sockets, support system steering system, braking system, on-board computer, diagnostic system, monitoring system, etc.),




	–

	
measurement module.









The model of the motor built into the wheel hub [35,36,37], a synchronous machine with permanent magnets, reproduces the behavior of the motor together with the necessary sensors. To develop this model, a model of a synchronous machine with excitation from permanent magnets, derived from the standard library of the Modelica environment, was used.



The inverter model block includes both the converter model, i.e., the voltage inverter, and the FOC control system. This block is one of the most important elements of the modeled electric drive system of the vehicle. The adopted method of control has a fundamental impact on the parameters obtained by the vehicle’s electric drive system. The developed voltage inverter block consists of the following elements: a vehicle linear speed controller, a motor current controller, a power electronic converter controller, a current set point value rise limiter unit, an excitation control source selection block, and a block determining the overall efficiency of the motor-inverter system.



The energy storage model with a thermal conditioning system was implemented on the basis of the Modelica Energy Storages library. The developed energy storage model simulates such values as the variable electromotive force of cells; the amount of electrical charge in the cells and the associated state of charge (SOC); variable internal resistance, depending on the temperature of the cells and their state of charge; the temperature of the cells, which is affected by energy lost on the internal resistance, heat flow from the energy storage to the environment, and the heat stream (cooling or heating) coming from the thermal conditioning system of the energy storage, as well as ambient temperature and its interaction with the energy storage. For the energy storage model, the possibility of cooperation with the thermal conditioning system, i.e., supplying or receiving the appropriate amount of heat, was modeled. The supply of heat to the energy storage is modeled for a situation when the ambient temperature drops below a predetermined value and the vehicle itself is connected to the power grid. In this situation, the energy storage is heated by a thermal conditioning system. It is also possible to model heat removal from the energy storage when its temperature rises above 50 °C. Such a phenomenon may occur when the ambient temperature exceeds 35 °C and the drive system itself is operated very intensively. The energy storage model also has the ability to simulate heat exchange with the environment depending on the speed of the vehicle.



The EMF of the energy storage depends on the state of charge of individual cells and was modeled on the basis of the characteristics identified during tests for LFP and NMC cells.



The route-setting block is responsible for controlling the speed of the vehicle while traversing the route, and for providing data on the temporary inclination of the road on which the vehicle is moving. The source of data about speed and inclination are defined in files containing, in the case of inclination, data about the absolute height in m.a.s.l. and inclination in degrees at given waypoints defined by the distance from the starting point. Intermediate values between the points of the given route are subject to linear interpolation in such a way that the functions of absolute height and road slope are continuous. Thanks to this, the information about the traveled distance can be taken from the block of resistances to vehicle motion. The speed at which the vehicle is to move on a given road section is also defined in the form of a text file. The file describing the speed of the vehicle as a function of time contains pairs of points in the format (time (s), speed (km/h)) in one-second intervals. This is a common format for the description of synthetic road tests used to assess the energy consumption of vehicles, used e.g., by the United States Environmental Protection Agency [38].



Taking into account the estimation errors, the total weight of the vehicle was assumed for the simulation tests, depending on the type of cell chemistry used. The parameters adopted in the simulation are presented in Table 3.




4. Results


4.1. Research on Energy Consumption Using LFP Cells—Type 1


The tests were carried out using the mathematical model of the drive system described in Section 2. A Type 1 energy storage was used, based on 126 LFP prismatic cells with a capacity of 160 Ah. The available usable energy contained in this storage is 60 kWh, with a reserve of 7.0% (4.61 kWh). The presence of the reserve protects the energy storage cells against complete discharge, which also contributes to extending their service life. The tests were carried out for two ambient temperatures of 0 °C and 20 °C, however, due to the volume of the obtained results, the test results for the temperature of 20 °C are presented, while the key values for both temperatures, such as energy consumption and range, are presented in the form of tables.



Figure 11 shows the results of the simulation of the full WLTP test cycle, lasting 1800 s. Figure 12 shows the results for the modified WLTP-90 test cycle, during which the vehicle speed is limited to 90 km/h and the test duration is 1861 s. Figure 13 test results for the actual City Flat Road test route, 24.3 km long, are presented. The test was conducted at a simulated ambient temperature of 20 °C.



In Figure 11 the results of the WLTP test of a 4 × 4 equipped with Type 1 energy storage (LFP prismatic cells) are shown. The range on a fully charged energy storage is 229.3 km, with an average energy consumption of 272.2 W/km. The profile of this test is relatively strenuous due to the driving speed required, which translates into energy consumption. The test results indicate a high current load on the storage, especially in the final phase of the test cycle when the instantaneous values reach 250 A, which is related to the high speed of the vehicle. One characteristic of this test is also a rapid increase in battery temperature in a short time, for the Type 1 energy storage it was 0.55 °C, and in the final phase of the test, the increase was over 0.3 °C in the last 300 s.



The WLTP-90 test (Figure 12) is a milder version of the WLTP test with a speed limit of 90 km/h. This has a significant impact on power consumption and range. In the WLTP-90 test with Type 1 energy storage, the range of the vehicle is 251.6 km, and the energy consumption is 249.9 W/km. The warehouse load is also lower than in the previous one, which results in a milder temperature increase during the test cycle, amounting to 0.36 °C, and much milder in the last phase of 0.11 °C in 300 s.



In the Test City Flat Road test (Figure 13), a range of 279.4 km was achieved with an energy consumption of 223.6 W/km. The energy storage during tests in this profile of use is evenly loaded with the current due to the relatively low speed, frequent braking, and acceleration, which allows for a relatively high energy recovery of 56.3%. The operating temperature of the batteries increased by 0.9 °C over the entire test cycle in a linear manner.




4.2. Research on Energy Consumption Using NMC Cylindrical Cells—Type 2


The tests were carried out using the mathematical model of the drive system described in Section 2. A Type 2 energy storage was used, based on 6048 pieces of NMC cells in size 18,650. 54 cells with a capacity of 3.0 Ah were connected in parallel into modules, which were then connected in a series in the number 112. The available usable energy contained in this store was 60 kWh, with an unused reserve of 8.1% (5.32 kWh).



Figure 14 shows the results of the simulation of the full WLTP test cycle, lasting 1800 s. Figure 15 shows the results for the modified WLTP-90 test cycle, where the speed is limited to 90 km/h and the test duration is 1861 s. Figure 16 test results for the actual City Flat Road test route, 24.3 km long, are presented. The test was conducted at a simulated ambient temperature of 20 °C.



Figure 14 presents the results of the WLTP test of a 4 × 4 vehicle equipped with Type 2 energy storage (cylindrical NMC cells). The range of full energy storage is 255.3 km, with an average energy consumption of 263.4 W/km. The test profile is characterized by a high current load of the storage, whose instantaneous values exceed 220 A. A characteristic feature of this test is a rapid increase in battery temperature, in the case of cylindrical cells used to build this type of storage, it is over 1.9 °C throughout the WLTP cycle, and in the last phase of the cycle of more than 0.8 °C in 300 s).



In the WLTP-90 test and the Type 2 energy storage (Figure 15), the range of the vehicle is 278.9 km with an average energy consumption of 241.9 Wh/km. Energy consumption in this driving profile is 5.62 kWh and recovery is 1.70 kWh (30%). The temperature of the batteries during the test cycle increased by 1.62 °C, 0.35 °C in the last phase of the test.



The test in the City Flat Road cycle (Figure 16) with the tested Type 2 energy storage allowed to drive 302.1 km with a consumption of 222.5 Wh/km. In the observed driving profile, an increase in temperature during the test cycle of 0.9 °C was observed in a linear manner. Similar to the previous type of energy storage, this test profile allowed for the highest energy recovery in the Type 2 storage and it is at the level of 39%.




4.3. Research on Energy Consumption Using NMC Cells (Pouch)—Type 3


The tests were carried out using the mathematical model of the drive system described in Section 2. A Type 3 energy storage was used, based on 236 NMC pouch cells. The storage is made of modules of 2 cells connected in parallel, and then of 118 modules connected in a series. The available usable energy contained in this storage was 60 kWh, with an unused reserve of 7.1% (4.57 kWh).



Figure 17 shows the results of the simulation of the full WLTP test cycle, lasting 1800 s. Figure 18 shows the results for the modified WLTP-90 test cycle, for a vehicle with a design speed limited to 90 km/h, with a duration of 1861 s. In turn, Figure 19 shows the test results for the actual City Flat Road test route, 24.3 km long. The test was conducted at a simulated ambient temperature of 20 °C.



The graphs above (Figure 17) show the dependencies regarding the test of a 4 × 4 vehicle with a Type 3 warehouse in the WLTP tests. The range of the vehicle in this test is 268.7 km and the average energy consumption is 249.7 Wh/km. The energy used in the cycle is 5.81 kWh and the energy recovered is 1.98 kWh (34%). The temperature increase during the test cycle is 1.7 °C, but in the last phase of the test, it is an increase of 1 °C in 300 s.



In the WLTP-90 test (Figure 18) with the Type 3 energy storage, the range was 296.6 km with an average energy consumption of 227.7 Wh/km. With the energy used in the cycle of 5.62 kWh, the energy recovered is 1.70 kWh (30.2%). The temperature increase in the test cycle is 1.1 °C, in the last 300 s the increase was 0.3 °C.



In the City Flat Road test (Figure 19), the range was 335.4 km with an average energy consumption of 100.6 Wh/km. The energy used in the cycle is 4.84 kWh and the energy recovered is 2.71 kWh (56%). The temperature increase during the test cycle is 1.6 °C and is characterized by a linear increase in time.



Table 4 contains data on energy consumption in Wh/km and range in km, obtained as a result of simulations for three test routes, for the ambient temperature and the initial temperature of the energy storage equal to 20 °C (Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, Figure 17 and Figure 18). Table 5 shows analogous data for ambient temperatures and initial energy storage of 0 °C.



Table 6 shows data related to the amount of energy used during the test cycle and the energy recovered by regenerative braking, for test cycles conducted at a temperature of 20 °C. Data at 0 °C are shown in Table 7.



Table 8 presents a summary of the potentially achievable range of a vehicle with a given type of battery in a situation where they were operated to a certain level of charge DOC and discharge DOD.



The method of aggregation of optimization criteria was used to select a given type of cells. Assuming that not all the component criteria f(x) are approximately equally important, the multi-criteria task was replaced with a single-criteria task in the form of:


     max   x ∈ Ω   f  ( x )  =   ∑   n = 1  j   w n   f n   ( x )     w n  ≥ 0 ;     n = 1 , 2 , … , j ;    w n  ∈ 〈 0 , 1 〉   ;    f n   ( x )  =    f n     f   n  m a x          



(12)




where: x—parametric variables describing a given energy storage parameter; Ω—the area of possible solutions in the space of objects; f(x)—objective function; fn(x)—a normalized function representing a given criterion;     w n    —weighting factor; fn—the value of the evaluated parameter; fnmax—the maximum value of the evaluated parameter.



On the basis of the above relationship, individual parameters were estimated and evaluated, which made it possible to determine the ranking evaluation of the analyzed types of cells. For the assessment of individual parameters, the best results of a given parameter that can be found in the literature and market offers of manufacturers were adopted [39,40,41,42]. Individual weighting factors were selected on the basis of the authors’ operational experience. The results of the analyzes carried out are presented in Table 9 and Figure 20 (the calculated values for the normalized function representing the given evaluation criterion, and the final value of the ranked rating for the considered types of energy storages are presented).



The following values were adopted for the individual parameters included in the criteria for assessing the types of energy storage, the results of which are presented in Table 9:




	
Cost: the total cost of the energy storage, estimation assuming an optimal price of 10,000.00 USD



	
Max no. of cycles: the life of the energy storage—assessment assuming the optimal number of cycles at the level of 20,000



	
Energy density: energy density—assessment assuming the maximum energy density of cells available on the market at 360 Wh/kg



	
Reliability: reliability—rating assuming reliability at level 1



	
Mass: total weight of the energy storage—evaluation assuming an optimal storage mass of 200 kg



	
Temperature dependency: the relationship determining the ratio of the internal resistance of the cells for two temperature values 0 °C and 20 °C—the reference value is 1



	
ES temperature conditioning requirements: the requirement to use a thermal conditioning system for a given type of cells—the reference value for a system that does not require a thermal conditioning system is 1



	
Total range: vehicle range obtained from a given type of energy storage during its complete operation from new to disassembly—assessment assuming a total vehicle range of 1,500,000 km.








Based on the analyzes carried out using the optimization criteria aggregation method, the results of which are presented in Table 9 and Figure 20, it was shown that the best energy storage for use in a delivery vehicle is a Type 1 storage using LFP cells.





5. Discussion


The analysis of the parameters obtained by a 4 × 4 vehicle using three different energy storage systems operating at an ambient temperature of 20 °C (summer period, moderate climate) and 0 °C (winter period, moderate climate in Europe) shows a decrease in the range of the vehicle in the presence of lower temperatures. This value is associated with a change in the initial temperature of the energy storage and thus an increase in the internal resistance of the cells. For the Type 1 energy storage, the range decreased by 10.77%, for Type 2 by 8.38%, and for Type 3 by 10.89%.



The test results obtained at lowering the ambient temperature for the WLTP-90 test route, where the maximum speed is limited to 90 km/h, are comparable and amount to: Type 1 decreasing by 10.78%, Type 2 decreasing by 9.06%, and Type 3 decreasing by 11.14%.



For the actual City Flat Road, there are larger differences in the drop from 20 °C to 0 °C respectively: Type 1 decreases by 17.22%, Type 2 decreases by 14.77%, and Type 3 decreases by 18.15%.



The decrease in the range when the temperature of the energy storage based on lithium cells decreases is an inevitable phenomenon resulting from the increase in the internal resistance of the storage cells. It can be prevented by using appropriate energy storage thermal conditioning systems that use the possibility of connecting the vehicle to the power grid or to the energy storage itself during the operation of the vehicle. Unfortunately, not all manufacturers of electric vehicles install such systems in order to optimally maintain the temperature of the energy storage. In addition, regardless of the type of energy storage, the operation of the vehicle in the autumn-winter-spring period, when ambient temperatures fall below 15 °C, requires heating the passenger compartment, which entails increased energy consumption and a decrease in the vehicle’s range. It can be argued that the range of optimal temperatures in which electrochemical energy storage should be operated is close to the temperature at which people feel comfortable (16–21 °C). In order to prevent low temperatures, both for the energy storage and the passenger compartment, heating systems are used that use electric heaters integrated with the energy storage (e.g., plate heaters), electric heaters connected to the cooling circuit of the liquid energy storage, or a heat pump system that uses ambient energy to increase heating efficiency while reducing its consumption from the power source.



The conducted tests of the vehicle’s electric drive system in the presence of two selected temperature levels, i.e., 0 °C and 20 °C, for all test routes, showed increased energy consumption for the Type 1 storage using LFP cells. This effect is related to the lower energy density of LFP cells, expressed in Wh/kg. While maintaining the same value of available energy (60 kWh) and a similar level of reserve (7–8%), there is an increase in vehicle weight by 476 kg compared to a vehicle with a type 2 storage (NMC cylindrical), and 496 kg compared to a vehicle with a storage type 3 (NMC pouch).



An increase in internal resistance caused by a decrease in temperature also reduces the amount of energy recovered when braking. This is visible in the data contained in Table 6 and Table 7, where the smallest differences (to the detriment of lower operating temperatures), ranging from −8.38% to −10.89%, were obtained for the WLTP test route, and the largest, from −14.77% to −18.15% obtained for the actual City Flat Road route.



Based on the analysis of the results, it should be noted that the energy consumption during the tests for the selected tests is different. The highest energy consumption was demonstrated during the tests using the WLTP test for the types of energy storage, respectively 272 Wh/km, 263 Wh/km, and 249 Wh/km. The lowest energy consumption was demonstrated during tests using the City Flat Road test for energy storage types of 223 Wh/km, 222 Wh/km, and 199 Wh/km, respectively.



In addition to vehicle performance and energy consumption, each of the energy storages was analyzed in terms of predicted reliability. The reliability of each system was modeled using the reliability block diagram (RBD) methodology, assuming a serial system and one-parameter exponential distribution. The highest reliability value has energy storage Type 1 with the value of R = 0.53, then Type 3 with R = 0.31. Type 2 built on cylindrical cells has the lowest reliability R = 0.0000001. The low reliability of Type 2 magazine is explained by a high number of single cells (6048) used for assembling this energy storage.



The analysis also ranks the energy storages in terms of SOH as predicted total achievable distance. The highest distance of 1,322,114 km will be achieved by vehicle with Type 1, then with Type 2 at 321,714 km, and the shortest at 273,359 by Type 2. As it is shown in Table 8, the level of charge/discharge has a significant impact on SOH. The ability to recuperate energy improves the battery life, and in the studies, the best ability has Type 1 storage, with the highest of 55.96 % recuperated energy during the City Flat Road test, but also in the ELTP-90 test with 34.31 % and WLTP test with 34.04. The worst ability for energy recuperation was Type 2 ES with 48.32 % in City Flat tests, 30.27 % in WLTP-90, and 31.34 % in WLTP.



The analysis of the test results presented in Table 9 and Figure 20, showed that the best result was obtained by the Type 1 ES (built of LFP prismatic cells) with the result fn(Type1) = 0.48, the second place was the Type 3 magazine (NMC pouch) fn(Type3) = 0.43 and the third Type 2 magazine (NMC cylindrical) fn(Type2) = 0.27. Type 1 ES was ranked as the best choice for its cost, maximum number of cycles, reliability, lock of temperature conditioning requirements, and total range for conditions assumed in the study.




6. Conclusions


When choosing a given type of electrochemical cell chemistry, parameters such as energy density, the number of potential charging cycles to be performed, the value of the cell’s internal resistance depending on the temperature, or the reliability of the energy storage structure are important elements. The conducted research has shown that the correct estimation of the above parameters can ensure the long trouble-free operation of a vehicle with an electric drive.



The proposed method of assessing the selection of cells confirmed its effectiveness. The more cells included in the energy storage, the more the risk of failure increases and the system reliability decreases. While typical damage to any of the elements (cells) of the energy storage allows continuing driving to the destination, such an event precludes further operation of the vehicle due to the BMS (Battery Management System) refusing to charge the damaged energy storage. Assuming a similar degree of reliability for each cell, whether it is a small 18650 cell or a large 160 Ah prismatic cell, the total number of component cells has a decisive impact on the durability of the critical element, which is the vehicle’s energy storage.



The use of the proposed method of evaluating the parameters of electrochemical cells can bring profits to the user in the form of the trouble-free operation of a vehicle with an electric drive.
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Figure 1. Loss of capacity of Winston WB–LYP160Aha cells as a function of the number of cycles for different operating ranges. 
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Figure 2. Loss of capacity of NMC Samsung INR18650–30Q cells as a function of the number of cycles for various operating ranges. 
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Figure 3. Dependence of internal resistance versus temperature for LFP—WB-LYP160, NMC—30Q, NMC—E76 (at load of 1C). 
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Figure 4. Configuration of the electric drive system with four electric motors installed in the wheels of the vehicle and inverter on board the vehicle. PE—Power Electronics (Inverter), WHM—Wheel Hub Motor. 
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Figure 5. Reliability block diagram of vehicle energy storage (all types). 
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Figure 6. Reliability of different energy storage systems: Type 1: LFP—prismatic, Type 2: 30Q—cylindrical, Type 3: E76—pouch. 






Figure 6. Reliability of different energy storage systems: Type 1: LFP—prismatic, Type 2: 30Q—cylindrical, Type 3: E76—pouch.



[image: Energies 15 09613 g006]







[image: Energies 15 09613 g007a 550][image: Energies 15 09613 g007b 550] 





Figure 7. WLTP test cycle, in accordance with Commission Regulation (EU) 2017/1151 [33], where: (a) phase Low3(A1/7); (b) Medium3-1(A1/8) phase; (c) phase High3-1(A1/10); and (d) Extra High3 phase (A1/12). 
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Figure 8. WLTP and WLTP-90 tests profiles. 
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Figure 9. City Flat Road test profile (speed, absolute altitude, and grade). 
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Figure 10. View of the simulation model of a vehicle with an electric 4 × 4 drive system, divided into blocks: 1—vehicle motion resistance; 2—synchronous motors; 3—voltage inverters; 4—energy storage; 5—travel route adjuster; 6—vehicle cabin heating/cooling system; 7—electric load on the vehicle’s on-board system receivers 12VDC. 
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Figure 11. WLTP results of simulation tests for the 4 × 4 drive system with Type 1 energy storage. 
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Figure 12. WLTP-90 results of simulation tests for the 4 × 4 drive system with Type 1 energy storage. 
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Figure 13. City Flat Road results of simulation tests for the 4 × 4 drive system with Type 1 energy storage. 
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Figure 14. WLTP results of simulation tests for the 4 × 4 drive system with Type 2 energy storage. 
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Figure 15. WLTP-90 results of simulation tests for the 4 × 4 drive system with Type 2 energy storage. 
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Figure 16. City Flat Road results of simulation tests for the 4 × 4 drive system with Type 2 energy storage. 
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Figure 17. WLTP results of simulation tests for the 4 × 4 drive system with Type 3 energy storage. 
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Figure 18. WLTP-90 results of simulation tests for the 4 × 4 drive system with Type 3 energy storage. 
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Figure 19. City Flat Road results of simulation tests for the 4 × 4 drive system with Type 3 energy storage. 
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Figure 20. Ranking of energy storage types. 
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Table 1. Energy storage parameters.






Table 1. Energy storage parameters.





	Energy Store
	ES Type 1
	ES Type 2
	ES Type 3





	Cell type
	LFP-WB-LYP160
	INR18650-30Q
	LG E76



	Cell shape
	Prismatic
	Cylindrical
	Pouch



	Cell chemistry
	LFP
	NMC
	NMC



	Store configuration (s-p)
	126-1
	112-54
	118-2



	Number of cells
	126
	6048
	236



	Nominal voltage (V)
	403.2
	403.2
	424.8



	Nominal capacity (Wh)
	64,512
	65,318
	64,570



	Mass (kg)
	789
	314
	293
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Table 2. Reliability analysis of different types of ES Types results.
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	Energy Storage Type
	Config. (s-p)
	Number of Cells
	Nominal Voltage

(V)
	Statistical Distribution
	Single Cell Reliability

Rbat
	Mission Time (y)
	ES System Reliability
	Failure Rate (1/y)





	Type 1
	126s1p
	126
	403.2
	Exponential
	0.995
	10
	0.532592
	0.006



	Type 2
	112s54p
	6048
	403.2
	Exponential
	0.995
	10
	7.36∙10−14
	3.024



	Type 3
	118s2p
	236
	424.8
	Exponential
	0.995
	10
	0.307279
	0.118
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Table 3. Vehicle parameters.
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	Parameter
	Value





	Vehicle Mass, ES Type 1 (kg)
	3974



	Vehicle Mass, ES Type 2 (kg)
	3498



	Vehicle Mass, ES Type 3 (kg)
	3478



	Usable Energy, all ES types (kWh)
	60



	Nominal motor power (kW)
	4 × 60



	Nominal motor torque (Nm)
	800



	Nominal motor RPM
	715



	Vehicle frontal area (m2)
	3.99



	Drag coefficient (–)
	0.31



	Tyre size
	195/75 R16 110/108 R C
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Table 4. Vehicle energy consumption and range, at 20 °C ambient temperature.






Table 4. Vehicle energy consumption and range, at 20 °C ambient temperature.





	ES Type and Test Cycle
	Energy Consumption (Wh/km)
	Vehicle Range (km)





	WLTP, ES Type 1
	272.29
	229.25



	WLTP, ES Type 2
	263.39
	255.26



	WLTP, ES Type 3
	249.65
	268.68



	WLTP-90, ES Type 1
	249.89
	251.56



	WLTP-90, ES Type 2
	241.95
	278.98



	WLTP-90, ES Type 3
	227.74
	296.59



	City Flat Road, ES Type 1
	223.59
	279.45



	City Flat Road, ES Type 2
	222.46
	302.05



	City Flat Road, ES Type 3
	199.61
	335.36
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Table 5. Vehicle energy consumption and range, at 0 °C ambient temperature.






Table 5. Vehicle energy consumption and range, at 0 °C ambient temperature.





	ES Type and Test Cycle
	Energy Consumption (Wh/km)
	Vehicle Range (km)





	WLTP, ES Type 1
	293.74
	204.56



	WLTP, ES Type 2
	284.88
	233.86



	WLTP, ES Type 3
	271.14
	239.43



	WLTP-90, ES Type 1
	272.16
	224.43



	WLTP-90, ES Type 2
	264.23
	253.70



	WLTP-90, ES Type 3
	250.02
	263.55



	City Flat Road, ES Type 1
	260.06
	231.32



	City Flat Road, ES Type 2
	258.74
	257.43



	City Flat Road, ES Type 3
	235.87
	274.48
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Table 6. Vehicle energy consumed and recuperated, at 20 °C ambient temperature.






Table 6. Vehicle energy consumed and recuperated, at 20 °C ambient temperature.





	ES Type and Test Cycle
	Energy Consumed (kWh)
	Energy Recuperated (kWh)
	Recuperation Percentage (%)





	WLTP, ES Type 1
	6.34
	2.26
	35.67



	WLTP, ES Type 2
	6.13
	1.92
	31.34



	WLTP, ES Type 3
	5.81
	1.98
	34.03



	WLTP-90, ES Type 1
	5.80
	1.99
	34.31



	WLTP-90, ES Type 2
	5.62
	1.70
	30.27



	WLTP-90, ES Type 3
	5.29
	1.75
	33.16



	City Flat Road, ES Type 1
	5.42
	3.05
	56.32



	City Flat Road, ES Type 2
	5.39
	2.61
	48.32



	City Flat Road, ES Type 3
	4.84
	2.71
	55.96
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Table 7. Vehicle energy consumed and recuperated, at 0 °C ambient temperature.






Table 7. Vehicle energy consumed and recuperated, at 0 °C ambient temperature.





	ES Type and Test Cycle
	Energy Consumed (kWh)
	Energy Recuperated (kWh)
	Recuperation Percentage (%)





	WLTP, ES Type 1
	6.83
	2.15
	31.39



	WLTP, ES Type 2
	6.63
	1.81
	27.35



	WLTP, ES Type 3
	6.31
	1.86
	29.54



	WLTP-90, ES Type 1
	6.32
	1.88
	29.82



	WLTP-90, ES Type 2
	6.13
	1.60
	26.08



	WLTP-90, ES Type 3
	5.80
	1.65
	28.40



	City Flat Road, ES Type 1
	6.31
	2.86
	45.36



	City Flat Road, ES Type 2
	6.27
	2.44
	38.90



	City Flat Road, ES Type 3
	5.72
	2.52
	44.10
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Table 8. Total achievable range for different types of energy storage -WLTC test at 20 °C ambient temperature.






Table 8. Total achievable range for different types of energy storage -WLTC test at 20 °C ambient temperature.





	Charge/Discharge Level
	ES Type 1 (km)
	ES Type 2 (km)
	ES Type 3 (km)





	0–100%
	440,705
	56,038
	90,366



	10–90%
	881,409
	74,718
	127,276



	20–80%
	1,057,691
	203,242
	306,730



	30–70%
	1,322,114
	273,359
	321,714
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Table 9. Energy storage types summary.






Table 9. Energy storage types summary.





	Energy Storage
	ES Type 1
	ES Type 2
	ES Type 3





	Cost (USD)

f1max = 10,000

w1 = 0.13; f1 (x) →
	26,838.00 USD

0.37

0.05
	49,957.00 USD

0.20

0.03
	12,500.00 USD

0.80

0.10



	Max no. of cycles (80 SOH)

f2max = 20,000

w2 = 0.13; f2 (x) →
	8000

0.40

0.05
	3000

0.15

0.02
	3650

0.18

0.02



	Energy density (Wh/kg)

f3max = 360

w3 = 0.13; f3 (x) →
	81.76

0.23

0.03
	208.02

0.58

0.08
	220.38

0.61

0.08



	Reliability

f4max = 1

w4 = 0.12; f4 (x) →
	0.53259

0.53259

0.06
	0.0000001

0.0000001

0.000000012
	0.30728

0.30728

0.04



	Mass (kg)

F5max = 200

w5 = 0.12; f5 (x) →
	789

0.25

0.03
	314

0.64

0.08
	293

0.68

0.08



	Temperature dependency

(IR delta 0 °C and 20 °C)

f6max = 0.1

w6 = 0.12; f6 (x) →
	0.51



0.20

0.02
	0.57



0.18

0.02
	0.39



0.26

0.03



	ES temperature conditioning requirement

f7max = 1

w7 = 0.12; f7 (x) →
	1.00

1.00

0.12
	0.20

0.20

0.02
	0.40

0.40

0.05



	Total range (km)

f8max = 1,500,000

w8 = 0.13; f8 (x) →
	1,322,114

0.88

0.11
	273,359

0.18

0.02
	321,714

0.21

0.03



	Ranked rating

    f n  ( x ) =  ∑   {   f 1   ( x )  ÷  f 8   ( x )   }    
	0.48
	0.27
	0.43
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