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Abstract 

The current trend towards an increasing electrification of road 

vehicles brings to life a whole series of unprecedent design issues. 

Among these, the ageing process that affects the lifetime of lithium-

ion based energy storage systems is of particular importance since it 

turns out to be extremely sensitive to the variation of battery 

operating conditions normally occurring especially in hybrid electric 

vehicles (HEVs). This paper aims at analyzing the impact of 

operating conditions on the predicted lifetime of a parallel-through-

the-road plug-in HEV battery both from thermal and ageing 

perspectives. The retained HEV powertrain architecture is presented 

first and modeled, and the related energy management system is 

implemented. Dedicated numerical models are also discussed for the 

high-voltage battery pack that allow predicting its thermal behavior 

and cyclic ageing. A wide variety of operating conditions is 

subsequently simulated including different driving scenarios, ambient 

temperatures, vehicle payloads, and battery state-of-charge (SOC) 

conditions. Obtained results highlight considerable impacts of the 

HEV operating conditions on the battery lifetime even in the advised 

operating temperature interval ranging from 15°C to 35°C. Moreover, 

charge-depleting HEV operation and high ambient temperature are 

identified as the most influencing conditions concerning the 

criticality of the use case. On the other hand, vehicle payload and 

specific driving scenario appear to have a reduced impact. Presented 

results might help engineers to improve the effectiveness of current 

high-voltage battery temperature control systems to extend the 

battery lifetime while ensuring improved energy economy. 

Introduction 

Nowadays, the inclination towards a continuous reduction in the 

automotive environmental impact finds a valuable ally in both hybrid 

electric vehicles (HEVs) and battery electric vehicles (BEVs), 

generally indicated as xEVs [1]. Nevertheless, the consequent 

introduction of Li-Ion energy storage systems (ESSs), which are 

currently the most employed electrochemical solution [2], brings 

along some critical issues that restrict the diffusion of electrified 

powertrains. However, if the consequent higher cost of xEVs might 

be mitigated by a great deal of governmental incentives, the current 

limited amount of km drivable in pure electric mode has led the 

market to prefer HEVs on BEVs in the latest years [1]. In particular, 

among the successful HEVs, the plug-in solution (PHEV) is 

noteworthy since it bridges the gap between the different types of 

xEVs [2]. Nonetheless, similarly to the other electrified vehicles, 

PHEV batteries as well incur the cycle ageing process [2] that affects 

Li-Ion ESSs and whose magnitude, contrary to the calendar ageing 

[2], is largely influenced by battery operating conditions, namely 

temperature, C-rate and depth-of-discharge (DOD). Among these, 

temperature is known to be an extremely impacting parameter on 

battery cycle ageing [2,3]. Nevertheless, vehicle-level HEV 

simulation tools developed in literature generally assume that the 

battery temperature is ideally maintained constant over time by the 

conditioning system [4,5]. This may represent a strong assumption 

since the real-world battery temperature might vary considerably, 

thus heavily impacting on battery ageing phenomena. In this paper, 

the impact of temperature on ageing has been consequently analyzed 

by simulating a quasi-static model [6] of a PHEV. The simulated 

PHEV layout has been inspired by the Jeep® Renegade 4xe [7] and it 

is equipped with a rule-based (RB) energy management strategy 

(EMS). Differently from other works exploring temperature impact 

on ESSs ageing [8,9], several driving missions (including some real-

world ones), various payload conditions and different ambient 

temperatures have been assessed. MATLAB® and Simulink® 

software has been employed to this end. The organization of this 

paper is the following one: the Renegade 4xe powertrain, the retained 

RB EMS and the quasi-static modeling approach (QSA) are 

described first. Adopted methodologies for modelling the battery 

from electrical, thermal and ageing perspectives are then described. 

Afterward, the simulated plug-in HEV use cases are specified. 

Obtained results are commented and conclusions are finally given. 

Retained HEV Powertrain 

As illustrated in Figure 1, the powertrain designed for the Renegade 

4xe adopts a parallel-through-the-road plug-in HEV configuration 

and it is equipped with a 1.3-liter, four-cylinder, turbocharged spark-

ignition internal combustion engine (ICE) [7] acting on the front axle. 

Two permanent magnet electric generator\motors are embedded, one 

in configuration P4 (at the rear axle) and one in configuration P0 as 

belt starter-generator, from now on respectively indicated as MGP4 

and MGP0. Concerning the high-voltage (HV) battery, it is 

undoubtedly the most critical element of the entire vehicle. Although 

the next section will provide further information about this crucial 

electrochemical component, it is fundamental to inform the reader 

that the HV battery analyzed in this study has not been considered 

made of LiNiMnCoO2 (NMC) cells as in the actual Renegade 4xe, 

but of the largely investigated A123 26650 cells [10]. Specifically, 

this choice has been taken because both a widely accepted battery 

cycle ageing model and open-source data are available for this latter 

type of cell [5,10,11]. Obviously, this replacement has been 

performed with the constraint of obtaining overall battery 

characteristic values as close as possible to the real ones (11.4 𝑘𝑊ℎ 

of nominal capacity and 400 𝑉 of nominal voltage [7]). Retained 

vehicle data are reported in Table 1, while further details concerning 

the on-board HEV RB EMS and the powertrain components are 

discussed in the follow-up of this section. 
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Figure 1. PHEV powertrain diagram. 

Table 1. PHEV powertrain parameters. 

Component Parameter Value 

ICE  
Max. power (hp @ RPM) 
() 

130 @ 5˙500  

Max. torque (Nm @ RPM) 270 @ 1˙850 

 MGP4 
Max. power (hp @ RPM) 

() 
60 @ >1˙240 

Max. torque (Nm @ RPM) 250 @ <1˙240 

 MGP0 
Max. power (hp @ RPM) 

() 
20 @ >2˙480 

Max. torque (Nm @ RPM) 48 @ <2˙480 

Transmission 
ratios 

Rear final drive (-) 10 

Front final drive (-) 4.438 

Automatic transmission (-) 
[4.15; 2.12; 1.36; 

0.98; 0.76; 0.62] 

MGP0 belt (-) 2.7 

Wheel radius (m) 0.322 

HV battery 

Battery nominal values (kWh/V) 10.94/400 

Cell nominal values (kWh/V) 3.33/7.6 

Pack configuration 120 S;12 P 

Cell type A123 ANR26650 

Vehicle 

Road load coefficient A (N) 94.035 

Road load coefficient B (Ns/m) 3.805 

Road load coefficient C (Ns2/m2) 0.476 

HEV On-board Control Logic 

The considered HEV embeds an ICE, a MGP0 and a MGP4. These 

three power components allow the HEV to drive in three different 

operating modes as specified by the vehicle manufacturer [7]. These 

include: 

1. Electric mode (mode1), in which the traction is provided by the 

MGP4 only; 

2. Hybrid mode (mode2), which is characterized by the three 

power components being controlled in order to have the ICE 

working close to its optimal operating line (OOL) and not 

beyond, i.e. the values of ICE torque maximizing the engine 

efficiency for each given value of ICE rotational speed; 

3. E-save mode (mode3), where the ICE can be simultaneously 

employed for propelling the HEV and charging the battery by 

means of the MGP0 working as a generator. 

Moreover, all the operating modes allow performing regenerative 

braking. Before or during the trip, the driver can manually select 

either one of the three operating modes. However, the operating 

mode selected by the driver might not always correspond with the 

actual electrified powertrain operation since the RB supervisory 

controller implemented in the PHEV might automatically switch to a 

more appropriate operating mode. This might occur as example due 

to the battery operation not complying with state-of-charge (SOC) or 

to driver’s power demand exceeding power limits of the electric 

machines. SOC and power values are therefore constantly monitored 

by the RB controller while driving; however, as suggested by 

numerical results presented in this paper, battery temperature should 

affect the operating mode selection as well in order to safeguard this 

component lifetime. The RB HEV controller implemented in this 

study operates as follows: 

• when the Electric mode (i.e. mode1) is selected, an automatic 

shift to Hybrid mode (i.e. mode2) is performed if the SOC goes 

below 0.30 to preserve battery charge sustenance. Moreover, if 

the driver’s power demand exceeds for a given time instant the 

value that can be provided by the MGP4 alone in Electric mode, 

the powertrain temporarily operates in Hybrid mode.  

• when the Hybrid mode is selected, the RB HEV controller keeps 

pure electric operating mode in any case if battery SOC is higher 

than 0.60. The Hybrid mode is then activated as the battery SOC 

falls below 0.60. In case the battery SOC falls below 0.25, the 

RB HEV controller switches to the E-save mode to charge the 

battery until SOC reaches 0.30, returning then to Hybrid mode; 

• when selected, the E-save mode (i.e. mode3) is operated only if 

the SOC is lower than 0.70. On the other hand, if SOC is higher 

than 0.70, the RB HEV controller operates in Hybrid mode. 

When the battery SOC falls below 0.70, and E-save mode is in 

operation, the battery is charged up to 0.80 before switching to 

Hybrid mode again. 

 

HEV Modelling Approach 

Moving on, the already mentioned QSA has been adopted for 

modelling the HEV. QSA is largely used for HEV powertrain design 

and analysis thanks to its high computational efficiency [6]. On one 

hand the employment of lookup tables lets the powertrain to be 

modelled in a simple stationary way, on the other hand QSA implies 

an inversion of the usual cause-and-effect relationship in evaluating 

speeds and torques of power components from the driver’s power 

demand. A proportional–integral–derivative (PID) controller is 

introduced here to model the driver following the speed profile over 

time for given drive cycles. As far as the lookup tables employed in 

this paper are concerned, they are illustrated in Figure 2 and they 

have been generated using dedicated tools in Amesim® software that 

follow mathematical procedures available in literature [12,13]. 
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Figure 2. Motors lookup tables. 

The total vehicle resistive force 𝐹𝑟𝑒𝑠,𝑡𝑜𝑡 (𝑁) can be easily computed 

from the vehicle free body diagram using equation (1): 

𝐹𝑟𝑒𝑠,𝑡𝑜𝑡 = 𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑟𝑜𝑙𝑙 + 𝐹𝑚𝑖𝑠𝑐 + 𝐹𝑔𝑟𝑎𝑑 (1) 

where 𝐹𝑎𝑒𝑟𝑜 is the aerodynamic drag, 𝐹𝑟𝑜𝑙𝑙 represents the rolling 

resistance, 𝐹𝑚𝑖𝑠𝑐 incorporates some miscellaneous terms whereas 

𝐹𝑔𝑟𝑎𝑑  is the grading resistance related to road slope angle 𝜗. 

Specifically, the aforesaid resistive terms have been evaluated as 

follows:  

𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑟𝑜𝑙𝑙 + 𝐹𝑚𝑖𝑠𝑐 = 𝐴 + 𝐵𝑣 + 𝐶𝑣2 (2) 

𝐹𝑔𝑟𝑎𝑑 = 𝑚𝑣𝑒ℎ𝑔𝑠𝑖𝑛𝜗 (3) 

where 𝐴, 𝐵 and 𝐶 are the vehicle road load coefficients [5], 𝑣 is the 

longitudinal speed of the vehicle, 𝑔 represents the gravitational 

acceleration, 𝑚𝑣𝑒ℎ is the total mass of the vehicle in kilograms, that 

is assumed here related to the number of passengers 𝑛𝑝𝑎𝑠𝑠: 

𝑚𝑣𝑒ℎ = 1768 + 100 ∙ 𝑛𝑝𝑎𝑠𝑠  (4) 

By introducing the tractive or braking force 𝐹𝑝𝑤𝑡 provided at the 

wheels by the powertrain, the equilibrium equation of the system can 

be written as: 

𝑚𝑣𝑒ℎ𝑎 = 𝐹𝑝𝑤𝑡 − 𝐹𝑟𝑒𝑠,𝑡𝑜𝑡 (5) 

where 𝑎 indicates the longitudinal acceleration of the vehicle. 

Moving to the HEV driveline, the total powertrain torque 𝑇𝑝𝑤𝑡 

requested at the wheels can be computed as: 

𝑇𝑝𝑤𝑡 = 𝐹𝑝𝑤𝑡𝑟𝑤ℎ𝑒𝑒𝑙 (6) 

in which 𝑟𝑤ℎ𝑒𝑒𝑙 is the radius of the wheels. By expliciting then all 

possible contributions to 𝑇𝑝𝑤𝑡, equation (7) is obtained: 

𝑇𝑝𝑤𝑡 = 𝑇𝐼𝐶𝐸,𝑤ℎ𝑒𝑒𝑙 + 𝑇𝑀𝐺𝑃4,𝑤ℎ𝑒𝑒𝑙 + 𝑇𝑀𝐺𝑃0,𝑤ℎ𝑒𝑒𝑙 − 𝑇𝑏𝑟𝑎𝑘𝑒𝑠 (7) 

in which the terms 𝑇𝐼𝐶𝐸,𝑤ℎ𝑒𝑒𝑙 , 𝑇𝑀𝐺𝑃4,𝑤ℎ𝑒𝑒𝑙   and 𝑇𝑀𝐺𝑃0,𝑤ℎ𝑒𝑒𝑙  represent 

the values of torque provided at the wheels by the different power 

components according to RB EMS. 𝑇𝑏𝑟𝑎𝑘𝑒𝑠 is the torque supplied by 

the brakes. 

With respect to the torques 𝑇𝐼𝐶𝐸 , 𝑇𝑀𝐺𝑃4 and 𝑇𝑀𝐺𝑃0 effectively 

outputted by the power components, they are evaluated backwardly 

from previous torques at the wheels by means of relations using 

transmission ratios collected in Table 1 and appropriate efficiencies 

[14]. The wheel angular speed 𝜔𝑤ℎ𝑒𝑒𝑙  can be defined as follows. 

𝜔𝑤ℎ𝑒𝑒𝑙 =
𝑣

𝑟𝑤ℎ𝑒𝑒𝑙
 (8) 

Multiplying by transmission ratios it is then possible to introduce 

𝜔𝑀𝐺𝑃4 , 𝜔𝐼𝐶𝐸  and 𝜔𝑀𝐺𝑃0 that represent angular speeds of MGP4, ICE 

and MGP0, respectively. Once the operating conditions (i.e. torque 

and speed) of each power component are known, it is possible to 

evaluate the fuel consumed by the ICE and the electric power 

requested by the electric motors to the HV battery. This is performed 

by means of the lookup tables reported in Figure 2. Therefore, the 

following equations can be written: 

𝑀𝑓𝑢𝑒𝑙 = ∫ �̇�𝑓𝑢𝑒𝑙

𝑡

0

𝑑𝑡 + 𝑛𝑐𝑟𝑎𝑛𝑘𝑚𝑐𝑟𝑎𝑛𝑘  (9) 

𝑃𝑏𝑎𝑡,𝑀𝐺𝑃4 = 𝜔𝑀𝐺𝑃4𝑇𝑀𝐺𝑃4 + 𝑃𝑙𝑜𝑠𝑠,𝑀𝐺𝑃4 (10) 

𝑃𝑏𝑎𝑡,𝑀𝐺𝑃0 = 𝜔𝑀𝐺𝑃0𝑇𝑀𝐺𝑃0 + 𝑃𝑙𝑜𝑠𝑠,𝑀𝐺𝑃0 (11) 

In which 𝑀𝑓𝑢𝑒𝑙  is the total quantity of fuel in grams consumed by the 

ICE up to time instant 𝑡, �̇�𝑓𝑢𝑒𝑙  is the fuel consumption rate in grams 

per second, 𝑚𝑐𝑟𝑎𝑛𝑘 is the mass of fuel required to crank the ICE 

(equal to 0.5 grams here), 𝑛𝑐𝑟𝑎𝑛𝑘 enumerates how many times the 

ICE is cranked over time, 𝑃𝑏𝑎𝑡,𝑀𝐺𝑃4 and 𝑃𝑏𝑎𝑡,𝑀𝐺𝑃0 are respectively 

the powers requested or supplied by the electric motors to the battery, 

whereas 𝑃𝑙𝑜𝑠𝑠,𝑀𝐺𝑃4 and 𝑃𝑙𝑜𝑠𝑠,𝑀𝐺𝑃0 indicate the power losses that 

characterize the two electric motors. 

Battery Ageing and Thermal Model 

In this work, a complete overview of the HV battery has been 

achieved by adopting the following methodologies: 
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1. an equivalent circuit model (ECM) [15] for battery electrical 

modelling; 

2. a single temperature lumped-parameter model in order to 

evaluate battery temperature evolution during HEV operation; 

3. a throughput-based battery capacity fade model [11] to evaluate 

battery cycle ageing. 

Each of the listed modeling methodologies will be illustrated in the 

follow-up of this section. 

Equivalent Circuit Model 

The battery pack ECM is illustrated in Figure 3 and it has been 

obtained considering an A123 cell equivalent circuit and applying 

Thevenin’s theorem to the pack configuration declared in Table 1. 

 
Figure 3. Battery equivalent circuit model. 

In particular, the following equations hold: 

𝑂𝐶𝑉𝑏𝑎𝑡 = 𝑁𝑠𝑂𝐶𝑉𝑐𝑒𝑙𝑙 (12) 

𝑅𝑏𝑎𝑡 =
𝑁𝑠

𝑁𝑝
𝑅𝑐𝑒𝑙𝑙 (13) 

where 𝑁𝑠 and 𝑁𝑝 are respectively the number of cells in series per 

branch and the number of parallel branches, 𝑂𝐶𝑉𝑐𝑒𝑙𝑙 and 𝑂𝐶𝑉𝑏𝑎𝑡 

represent open circuit voltages of one single cell and of the HV 

battery pack, whereas 𝑅𝑐𝑒𝑙𝑙 and 𝑅𝑏𝑎𝑡 are the internal resistances of 

cell and pack, respectively. 

Analogous considerations have been made for cell and battery pack 

capacities 𝐶𝑐𝑒𝑙𝑙 and 𝐶𝑏𝑎𝑡, linked as in equation (14) when expressed 

in 𝐴ℎ: 

𝐶𝑏𝑎𝑡 = 𝑁𝑝𝐶𝑐𝑒𝑙𝑙 (14) 

By applying then the power conservation law to battery ECM and by 

introducing battery power 𝑃𝑏𝑎𝑡 as calculable from powertrain 

operating condition and auxiliaries power demand, battery current 

𝐼𝑏𝑎𝑡 can be computed by means of equation (15): 

𝐼𝑏𝑎𝑡 =
𝑂𝐶𝑉𝑏𝑎𝑡 − √𝑂𝐶𝑉2

𝑏𝑎𝑡 − 4𝑃𝑏𝑎𝑡𝑅𝑏𝑎𝑡

2𝑅𝑏𝑎𝑡
 (15) 

However, when dealing with Li-Ion batteries, using C-rate 𝑐 instead of 

𝐼𝑏𝑎𝑡 is normally preferred since providing a more distinct information 

about battery exploitation, as perceivable from equation (16): 

𝑐 =
|𝐼𝑏𝑎𝑡| 

𝐶𝑏𝑎𝑡
 (16) 

Consequently, after computing 𝐼𝑏𝑎𝑡, battery state-of-charge 𝑆𝑂𝐶 can 

be evaluated at any instant by knowing its value 𝑆𝑂𝐶0  at the 

beginning of each driving mission and using the current integration 

method [4,5]: 

𝑆𝑂𝐶 = 𝑆𝑂𝐶0 − ∫
𝐼𝑏𝑎𝑡

𝐶𝑏𝑎𝑡

𝑡

0

𝑑𝑡 (17) 

It should be noted that cell parameters are not constant, yet their 

values change during HEV operation. In particular, with respect to 

𝑂𝐶𝑉𝑐𝑒𝑙𝑙, its value varies with 𝑆𝑂𝐶, whereas 𝑅𝑐𝑒𝑙𝑙 depends on more 

factors, namely 𝑆𝑂𝐶, C-rate, battery temperature and 

charging/discharging condition [4,10,11]. 𝑂𝐶𝑉𝑐𝑒𝑙𝑙 is sensitive to 

temperature variation as well, yet its variation is normally of less 

impact.  

Single Temperature Lumped-Parameter Model 

Temperature is extremely impactful on battery lifetime. This 

especially holds when battery temperature falls beyond the ideal 

thermal thresholds, currently estimated within 15°C and 35°C [16]. In 

fact, in order to maintain as much as possible battery temperature in 

the ideal thermal range, ESSs are normally equipped with a battery 

thermal management system, including both cooling and heating 

systems [2,16]. With respect to this work, modelling these systems 

has not been considered to ease the clarity and meaning of obtained 

outcomes. Indeed, results will later demonstrate the importance of 

contrasting thermal variation with specific conditioning plants that 

must modelled in a realistic way, especially of cooling type. In 

general, the battery pack is an extended body characterized by a 

distribution of temperature values that is rather complex to model. 

Even if the single temperature lumped-parameter model takes into 

account one single battery temperature 𝑇𝑏𝑎𝑡, it is largely employed 

[4,5,11] since considers a valid compromise between simplicity and 

accuracy. Moving on, the heat generated by the battery 𝑄𝑏𝑎𝑡 can take 

two different paths: a portion 𝑄𝐶 remains stored in the battery and 

contributes to increase its temperature, while the remaining part 𝑄𝑎𝑖𝑟 

is dispersed by means of natural convective phenomena with the 

surrounding air which has been set equal to ambient temperature 𝑇𝑎. 

As a consequence, equation (18) can be specified: 

𝑄𝑏𝑎𝑡 = 𝑄𝐶 + 𝑄𝑎𝑖𝑟  (18) 

which, by expliciting each term, can be rewritten as: 

𝑅𝑏𝑎𝑡𝐼𝑏𝑎𝑡
2 = 𝑚𝑏𝑎𝑡𝑐𝑏𝑎𝑡

𝑑𝑇𝑏𝑎𝑡

𝑑𝑡
+ ℎ𝑎𝑖𝑟𝑆𝑏𝑎𝑡(𝑇𝑏𝑎𝑡 − 𝑇𝑎) (19) 

where 𝑚𝑏𝑎𝑡, 𝑐𝑏𝑎𝑡  and 𝑆𝑏𝑎𝑡 refers respectively to battery mass, 

specific heat and exchange surface with the surrounding air, 

characterized by the convective coefficient ℎ𝑎𝑖𝑟. All these thermal 

parameters are collected in Table 2. It should be noted that 𝑄𝑏𝑎𝑡 in 

equation (19) has been considered related to Joule’s heating only, as 

normally performed in literature, without taking into account 

temperature variation due to entropy changes [17]. 
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Table 2. Battery and air thermal parameters. 

mbat (kg) 109.44 

cbat (J/(kgK)) 1.1 

Sbat (m
2) 1˙109.2 

hair (W/(m2K)) 10 

Throughput-based Battery Capacity Fade Model 

Moving then to HV battery cycle ageing evaluation, a largely 

employed throughput-based battery capacity fade model has been 

used [11] that is calibrated for A123 26650 cells and based on the 

concept of battery charge throughput (Ah-throughput). Although the 

coexistence in literature of two divergent interpretations of Ah-

throughput, here indicated as 𝑄𝐸𝑂𝐿, the one including the impact of 

recharges on battery life [18] has been adopted in this work since 

more precautionary. Consequently, 𝑄𝐸𝑂𝐿 has been associated to the 

overall quantity of charge (in 𝐴ℎ) that a battery is able to process 

before reaching its end of life (EOL), calculable as: 

𝑄𝐸𝑂𝐿 = ∫ |𝐼𝑏𝑎𝑡|𝑑𝑡
𝑡𝐸𝑂𝐿

0

 (20) 

where 𝑡𝐸𝑂𝐿 is the instant of time in which EOL occurs. The value of 

𝑡𝐸𝑂𝐿 depends on the battery operating conditions. Conventionally, the 

EOL happens when the percentage value of battery nominal capacity 

faded, indicated by 𝐶𝑓𝑎𝑑𝑒,%, equals 20% (i.e. 𝐶𝑓𝑎𝑑𝑒,% = 20). When 

the battery operates under constant conditions, 𝑄𝐸𝑂𝐿 and 𝐶𝑓𝑎𝑑𝑒,%  can 

be evaluated by adapting to the entire battery the formula proposed in 

[11] for a single A123 26650 cell, inspired by the Arrhenius’ gas 

equation [3] and employable for battery temperature between 15°C 

and 60°C only: 

𝐶𝑓𝑎𝑑𝑒,% = 𝐵 ∙ 𝑒𝑥𝑝 (−
𝐴𝑓

𝑇𝑏𝑎𝑡
) (

𝑄𝐸𝑂𝐿,𝑐𝑜𝑛𝑠𝑡

𝑁𝑝 ∙ 1𝐴ℎ
)

𝑧

 (21) 

where battery Ah-throughput has been indicated as 𝑄𝐸𝑂𝐿,𝑐𝑜𝑛𝑠𝑡 to 

specify that it refers to constant operating conditions. In equation (21) 

are then present the terms 𝐵, 𝐴𝑓 and 𝑧 , which are reported in Table 3 

and indicate respectively the pre-exponential, the ageing and the 

power-law factors [5]. Since these parameters refer to a single 

cell, 𝑄𝐸𝑂𝐿,𝑐𝑜𝑛𝑠𝑡  has been divided by the number of parallel branches 

𝑁𝑝 in order to scale to the whole battery pack. 

Table 3. Battery ageing parameters for A123 26650 cell. 

B 

c=0.5 31˙630 

c=2 21˙681 

c=6 12˙934 

c=10 15˙512 

Af (K) 3˙814.68-44.56c 

z 0.55 

Moreover, as 𝐵 and 𝐴𝑓 vary along with battery C-rate, 𝑄𝐸𝑂𝐿,𝑐𝑜𝑛𝑠𝑡 

depends on both the operating conditions 𝑇𝑏𝑎𝑡 and C-rate, as shown 

in Figure 4. However, the larger capacity of PHEV batteries slightly 

reduces the overall values of C-rate and it implies that the variation in 

𝑄𝐸𝑂𝐿,𝑐𝑜𝑛𝑠𝑡 might largely relate to thermal aspects. Looking again at 

Figure 4, thermal phenomena might have a considerable influence 

even when the battery temperature remains within the ideal range of 

15°C to 35°C. 

 
Figure 4. Ah-throughput variation with the operating conditions. 

After calculating 𝑄𝐸𝑂𝐿,𝑐𝑜𝑛𝑠𝑡 from equation (21), the overall quantity 

of charge 𝑄𝑐𝑜𝑛𝑠𝑡 supplied by the battery under fixed values of C-rate 

and temperature is known. Then, it is possible to evaluate the current 

battery ageing state by comparing 𝑄𝑐𝑜𝑛𝑠𝑡 with 𝑄𝐸𝑂𝐿,𝑐𝑜𝑛𝑠𝑡. However, 

since batteries employed in HEVs are characterized by continuously 

changing operations, the contribution of each combination of C-rate 

and 𝑇𝑏𝑎𝑡 towards the achievement of 𝑄𝐸𝑂𝐿 over time can be 

evaluated by integrating the instantaneous state-of-health (SOH) 

variation: 

𝑆𝑂𝐻 = 𝑆𝑂𝐻0 − ∫
|𝐼𝑏𝑎𝑡|

𝑄𝐸𝑂𝐿,𝑐𝑜𝑛𝑠𝑡(𝑐, 𝑇𝑏𝑎𝑡)

𝑡

0

𝑑𝑡 (22) 

where 𝑆𝑂𝐻0 is the initial state-of-health of the battery and it is equal 

to 1 at the beginning of battery life. 

Use Case Selection 

As specified in the introductive section, the objective of this paper is 

to test the retained HV battery under a wide range of different 

operating conditions to provide inputs for developing effective 

battery sensitive HEV EMSs. Indeed, when investigating a wide 

range of different real-world battery operating conditions, it is 

advisable to exclude all the use cases of little significance for battery 

ageing. To this end, the impact of battery initial SOC and HEV 

operating mode selection on predicted battery lifetime has been 

examined. The results section will then consider different driving 

missions, climate conditions (i.e. ambient temperatures) and number 

of passengers. 

Impact of Initial SOC and HEV Operating Mode 

To assess the impact of initial SOC and HEV operating mode on 

battery temperature and lifetime, the Worldwide-harmonized Light 

Vehicle Test procedure (WLTP) has been simulated travelled by the 

HEV. The operating mode selected by the driver has been kept 

constant for the entire drive cycle, and twelve initial plug-in HEV use 

cases are defined combining each possible operating mode (i.e. 

mode1, mode2 and mode3) and four different values of 𝑆𝑂𝐶0: 0.95 

(i.e. battery completely charged), 0.70, 0.40 and 0.21. Moreover, a 

constant ambient temperature 𝑇𝑎 equal to 25°C  and only driver 

(𝑛𝑝𝑎𝑠𝑠 =1) were considered. Using equation (22) and assuming that 

the initial battery state of health 𝑆𝑂𝐻0 is equal to 1 for each possible 

combination of HEV operating mode and 𝑆𝑂𝐶0 value, it is possible to 
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obtain the related final values of SOH, indicated as 𝑆𝑂𝐻𝑒𝑛𝑑. Results 

for a driving mission made of four WLTP repetitions are reported in 

Table 4. 

Table 4. SOH0 and SOHend comparison when simulating 4 WLTP in series. 

SOH0 -SOHend 

(105) 

SOC0 

0.95 0.70 0.40 0.21 

4x 

WLTP 

mode1 

(Electric) 

 

 

(E 

14.6 10.2 4.86 3.74 

mode2 

(Hybrid) 
9.04 4.79 2.76 3.74 

mode3 

(E-save) 

 

6 3.71 7.06 9.2 

In particular, from Table 4 it can be observed that the major 

difference among 𝑺𝑶𝑯𝟎 and 𝑺𝑶𝑯𝒆𝒏𝒅 occur when Electric mode is 

selected. This driving mode is clearly the one that exploits most 

battery operation. Moreover, the most critical ageing condition 

happens at 𝑺𝑶𝑪𝟎=0.95, since, evidently, the battery is used longer for 

electric driving. Therefore, the most critical conditions of use of the 

battery occur when it is fully charged before the driving mission and 

the driver chooses Electric mode. Further considerations will 

therefore focus on this critical case. 

Battery Kilometrical Lifetime Definition 

To improve the clarity and ease of understanding for presented 

results, the equivalent vehicle mileage provided by the battery during 

its life is introduced. A reasonable and sufficient mileage that a 

battery should achieve during its lifetime amounts from 200 thousand 

kilometers to 300 thousand kilometers. The kilometrical battery 

lifetime is indicated here as 𝐿𝑏𝑎𝑡,𝑘𝑚 and it can be evaluated under the 

following assumptions:  

1. when simulating a drive cycle continuously, the battery is 

assumed to be fully charged from the grid at the end of each 

mission; 

2. the driving mission and the related final battery charge are 

supposed to be steadily repeated until the battery EOL is 

reached. 

The following equation can then be defined: 

𝐿𝑏𝑎𝑡,𝑘𝑚 =
1

1 − 𝑆𝑂𝐻𝑒𝑛𝑑 + ∆𝑆𝑂𝐻𝑟𝑒𝑐ℎ
∙ 𝑠𝑘𝑚,𝑡𝑜𝑡 (23) 

where 𝑆𝑂𝐻𝑒𝑛𝑑 is computed by using equation (22) and it refers to the 

single driving mission, 𝑠𝑘𝑚,𝑡𝑜𝑡 is the total space travelled throughout 

the drive cycle in kilometers, ∆𝑆𝑂𝐻𝑟𝑒𝑐ℎ is the variation of battery 

SOH due to the plug-in charging from 𝑆𝑂𝐶𝑒𝑛𝑑 back to 𝑆𝑂𝐶0, that is 

supposed being performed at a constant battery temperature 𝑇𝑟𝑒𝑐ℎ 

(equal to 𝑇𝑎 if 𝑇𝑎 ≥ 15°𝐶 and to 20°C otherwise) and with a C-rate 

equal to 2 to simulate fast charging. The initial value of 𝑇𝑏𝑎𝑡 is 

always set to 𝑇𝑟𝑒𝑐ℎ. ∆𝑆𝑂𝐻𝑟𝑒𝑐ℎ can then be expressed as: 

∆𝑆𝑂𝐻𝑟𝑒𝑐ℎ = ∫
|𝐼𝑟𝑒𝑐ℎ|

𝑄𝐸𝑂𝐿,𝑟𝑒𝑐ℎ(𝑐𝑒𝑎𝑠𝑦𝑤𝑎𝑙𝑙 , 𝑇𝑟𝑒𝑐ℎ)

𝑡𝑟𝑒𝑐ℎ

0

𝑑𝑡 (24) 

in which 𝐼𝑟𝑒𝑐ℎ is the constant grid charging current, related to the grid 

charging C-rate 𝑐𝑒𝑎𝑠𝑦𝑤𝑎𝑙𝑙 , 𝑄𝐸𝑂𝐿,𝑟𝑒𝑐ℎ is the battery Ah-throughput  

related to grid charging conditions 𝑇𝑟𝑒𝑐ℎ and 𝑐𝑒𝑎𝑠𝑦𝑤𝑎𝑙𝑙 . 𝑡𝑟𝑒𝑐ℎ is the 

grid charging time duration in seconds and it can be calculated as: 

𝑡𝑟𝑒𝑐ℎ =
𝑆𝑂𝐶0 − 𝑆𝑂𝐶𝑒𝑛𝑑

𝑐𝑒𝑎𝑠𝑦𝑤𝑎𝑙𝑙
 (25) 

Use Case Specifications 

This sub-section provides specifications for a larger sample of 

vehicle potential operation that can be considered to investigate 

battery ageing behavior more exhaustively. Considered operating 

factors include driving condition, ambient temperature and payload. 

Eight different driving missions are considered including four 

standard drive cycles (WLTP, RTS 95, FTP 75 and HWFET) and 

four real-world driving cycles (RWCs). Namely, an extra-urban 

uphill mission (RWC01), a long highway trip (RWC03), a down 

mountain journey (RWC04) and an extra-urban downhill mission 

(RWC06). Specifically, RWCs have been recorded by means of 

global positioning system and their consideration increases the 

exhaustiveness of this study since road grade information is 

considered and not neglected as usually done in standard drive 

cycles. The main information about these eight driving missions is 

reported in Table 5, while the corresponding time series of vehicle 

speed and net road altitude over time are illustrated in Figure 5. 

   

Figure 5. Time series of vehicle speed and net road altitude for retained real-
world driving missions. 



Page 7 of 9 

XX/XX/20XX 

Table 5. Driving mission characteristics. 

Several reasonable and likely values of ambient temperature 𝑇𝑎, 

namely -5°C, 0°C, 5°C, 10°C, 15°C, 20°C, 25°C, 30°C and 35°C are 

considered. Ambient temperature might still have a great impact on 

battery thermal state even if the intervention of battery thermal 

management system was considered.  

Two distinct payloads are considered corresponding to the extreme 

cases of number of passengers. The vehicle curb weight plus the 

driver and few equipment involves setting the value 𝑛𝑝𝑎𝑠𝑠 to 1, while 

the fully loaded vehicle condition is associated to setting 𝑛𝑝𝑎𝑠𝑠 equal 

to 5. Varying the payload level might entail different power request 

and torque split among powertrain components, thus impacting on 

battery ageing. 

Results 

This section illustrates HEV simulation results in the different 

operating conditions listed above to assess the predicted battery 

lifetime. For each possible use case that represents a combination of 

driving mission, ambient temperature and payload level, the 

corresponding battery kilometrical lifetime 𝐿𝑏𝑎𝑡,𝑘𝑚 is evaluated. The 

corresponding use case is then marked as critical in case the predicted 

battery lifetime is lower than 200 thousand km. Use cases where 

battery temperature exceeds reasonable limits of 15°C to 35°C are 

signalized as well.  

Obtained simulations results are reported in Table 6, including 

predicted battery lifetime and minimum and maximum battery 

temperatures as achieved for each possible driving mission. Critical 

use cases are underlined, whereas empty cells correspond to those 

values not evaluable with the cycle aging model adopted. In fact, 

when battery temperature mainly remains below 15°C, the previously 

mentioned throughput-based battery capacity fade model cannot be 

used. This occurs for the RWC03 at -5°C, 0°C and 5°C. By 

examining more in detail the simulations of the aforesaid driving 

cycle, it can be understood why this is the only mission implying 

battery temperature lower than 15°C. RWC03 travels the longest 

distance (i.e. 296 km), and related time series for ICE state, battery 

temperature and battery SOC are illustrated in Figure 6 when the 

ambient temperature is set to -5° C. After a first portion of the driving 

mission operated in pure electric mode until SOC=0.3 (i.e. around 

1600 𝑠), a long charge sustaining phase follows. In this latter 

condition, the designed RB controller alternates portions travelled in 

HEV mode (where the SOC descends slowly up to 0.25) to portions 

travelled in E-save (in which the battery is charged back to 0.30 

SOC). The overall employment of the battery while travelling the 

RWC03 is therefore reduced. 

Driving 

mission 

 

 

Distance 

(m) 

 

Difference of 
altitude 

end-beginning 

(m) 

Maximum 
speed 

(km/h) 

 

Total time 

(s) 

 

WLTP 23.27  0  131.30  1˙800  

RTS 95 12.93  0  134.45  886  

FTP 75  17.77  0  91.25  1˙877  

HWFET 16.49 0  96.30 765 

RWC01 17.78  235  112.68  1˙031  

RWC03 296  341  135.40  9˙792  

RWC04  27.39  -632  84.88  2˙345  

RWC06  16.69  -148  102.97  1˙123  

Table 6. Battery sensitivity analysis results. 

Driving 

mission 
Variable npass 

Ta (°C) 

-5 0 5 10 15 20 25 30 35 

WLTP 

Lbat,km 

(103 km) 

1 729 678 622 560 629 424 289 199 139 

5 670 626 578 525 601 406 277 191 133 

Tmax 

(°C) 

1 20 20 20 20 16.7 21.4 26.3 31.2 36.1 

5 20 20 20 20.2 16.9 21.6 26.5 31.4 36.3 

Tmin 

(°C) 

1 17.8 18.4 19 19.5 15 20 25 30 35 

5 17.9 18.6 19.2 19.6 15 20 25 30 35 

RTS 95 

Lbat,km 

(103 km) 

1 477 457 433 404 486 331 227 158 111 

5 433 417 398 375 463 317 218 152 107 

Tmax 

(°C) 

1 20 20.2 20.6 21 17 21.7 26.6 31.5 36.4 

5 20.2 20.5 20.9 21.3 17.3 22 26.8 31.7 36.6 

Tmin 

(°C) 

1 19.4 19.7 19.9 20 15 20 25 30 35 

5 19.6 19.8 20 20 15 20 25 30 35 

FTP 75  

 

Lbat,km 

(103 km) 

1 631 593 549 501 580 390 265 182 127 

5 576 543 506 464 547 369 251 173 120 

Tmax 

(°C) 

1 20 20 20 20 16.1 21 25.9 31 35.7 

5 20 20 20 20 16.4 21.2 26.1 31 35.9 

Tmin 

(°C) 

1 17.1 17.9 18.6 19.3 15 20 25 30 35 

5 17.3 18.1 18.9 19.5 15 20 25 30 35 

HWFET 

Lbat,km 

(103 km) 

1 654 613 564 506 554 373 254 175 122 

5 521 598 552 496 547 368 251 173 120 

Tmax 

(°C) 

1 20 20 20.1 20.4 16.2 21 26 30.9 35.8 

5 20 20 20.1 20.5 16.3 21.2 26.1 31 35.9 

Tmin 

(°C) 

1 19.4 19.7 19.8 20 15 20 25 30 35 

5 19.5 19.8 19.9 20 15 20 25 30 35 

 RWC01 

Lbat,km 

(103 km) 

1 561 531 495 453 518 352 241 167 117 

5 521 496 465 429 500 341 234 163 114 

Tmax 

(°C) 

1 20 20.2 20.6 21.1 17.3 22 26.8 31.7 36.5 

5 20.1 20.5 20.9 21.3 17.5 22.2 27.1 31.9 36.7 

Tmin 

(°C) 

1 19.5 19.6 19.7 19.9 15 20 25 30 35 

5 19.5 19.7 19.8 19.9 15 20 25 30 35 

RWC03 

 

Lbat,km 

(103 km) 

1    3168 3335 2269 1552 1077 755 

5    2680 2812 1921 1319 919 647 

Tmax 

(°C) 

1 20 20.2 20.8 21.5 18.2 22.8 27.8 32.5 37.2 

5 20 20.3 21 21.7 18.4 23.1 27.9 32.6 37.4 

Tmin 

(°C) 

1 7.9 10.7 13.6 16.4 15 20 25 30 35 

5 8.9 11.7 14.5 17.3 15 20 25 30 35 

RWC04  

Lbat,km 

(103 km) 

1 827 764 697 626 705 476 324 223 155 

5 753 698 639 577 656 443 302 209 146 

Tmax 

(°C) 

1 20 20 20 20 16.5 21.3 26.2 31.1 36 

5 20 20 20 20 16.9 21.6 26.5 31.4 36.3 

Tmin 

(°C) 

1 16.7 17.6 18.5 19.3 15 20 25 30 35 

5 16.9 17.9 18.8 19.3 15 20 25 30 35 

RWC06  

Lbat,km 

(103 km) 

1 611 579 541 497 577 391 267 184 129 

5 578 551 518 479 567 385 263 182 127 

Tmax 

(°C) 

1 20 20 20.1 20.5 16.6 21.4 26.3 31.2 36.1 

5 20 20 20.2 20.6 16.8 21.6 26.5 31.3 36.2 

Tmin 

(°C) 

1 19 19.5 19.7 19.9 15 20 25 30 35 

5 19.2 19.6 19.8 19.9 15 20 25 30 35 
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Explanation for RWC03 always guaranteeing a battery lifetime larger 

than 200 thousand km independently on ambient temperature can be 

provided in this way. After the initial charge depleting phase, in 

which intense Joule’s heat is generated, the battery temperature 

dramatically drops in RWC03, because the battery pack is employed 

less. Indeed, traction is mainly provided by the ICE, and the passive 

cooling due to the surrounding air is no more balanced by the internal 

generation of heat.  

 
Figure 6. Time series of ICE state, battery temperature and SOC for RWC03 
simulated at -5°C ambient temperature. 

Moving to the simulations conducted at high temperatures, 

completely different considerations can be drawn. High temperature 

issues appear indeed more widespread among different driving 

missions. In some cases the battery is not able to provide a 𝐿𝑏𝑎𝑡,𝑘𝑚 

higher than 200 thousand km even if the battery temperature never 

exceeds the upper limit of 35°C. Ambient temperatures higher than 

25° C are found notably affecting battery lifetime in this framework. 

As consequence, an electrified powertrain EMS that is calibrated for 

25°C ambient temperature might need re-calibration for higher 

ambient temperatures, as Table 6 testifies. These results demonstrate 

how few degrees of temperature variation can considerably 

undermine battery lifetime. Battery thermal management is 

confirmed having a key role in electrified vehicles, and battery 

temperature must be included among the parameters monitored by 

HEV EMSs.  

On their behalf, evaluating the impact of driving conditions and 

payload level on the battery lifetime appears less intuitive. First, it 

can be observed that standard drive cycles appear more problematic 

than RWCs for the retained HEV and on-board RB EMS. This 

counterintuitive consideration might relate to both specific driving 

habits considered and to the standard drive cycles involving in 

general shorter distances driven that involve more frequent battery 

charging from the grid. Concerning the payload level, when lightly 

loaded vehicle conditions are considered the HWFET results in 

general more critical than the FTP 75 from the point of view of 

predicted battery lifetime as example. However, when fully loaded 

vehicle conditions are retained, values of predicted battery lifetime 

for these two driving missions become comparable. Explanation for 

these outcomes might relate to the propelling power limitation of 

MGP4. Simulating power demanding driving conditions (e.g. by 

incrementing 𝑛𝑝𝑎𝑠𝑠 or changing the driving mission) might not imply 

a significative reduction of battery lifetime. On the other hand, an 

increase in fuel consumption might be observed as the EMS selects 

HEV operation when the requested power cannot be provided in 

Electric mode. In general, these results corroborate the need of 

considering a large number of different use cases by varying both 

payload level and driving conditions when dealing with high ambient 

temperatures. 

Conclusions 

This paper aims at illustrating the importance that a plausible thermal 

model of the battery holds for evaluating the actual ageing rate of a 

PHEV ESS during the quasi-static simulation of different driving 

missions at different payload levels and ambient temperatures. In 

fact, in accordance with the cycle life model here adopted [11], slight 

differences in battery operating temperature might already imply a 

notable acceleration in battery ageing. Consequently, including 

battery temperature in HEV EMS becomes necessary in order to 

safeguard HV battery life. However, although this outcome could 

sound particularly disturbing, it must not be forgotten that the 

adopted cycle ageing model extends over a rather ample thermal 

range (15°C-60°C) and, therefore, could be inaccurate when 

evaluating modest variations of Celsius degrees, as indeed done in 

this work. Moreover, it must also be remembered that the afore-said 

life model refers to a specific commercial type of Li-ion cell (A123 

ANR26650); consequently, the results here attained cannot be 

ascribed directly to Li-ion batteries in general, although a similar 

behavior can be certainly expected [2,16]. Finally, although partially 

debated here, it would be undoubtedly interesting to thoroughly 

inspect battery operation at low temperatures as well, so as to conduct 

a complete treatise of this thermal range too. With respect to the fact 

of considering several driving missions and load conditions, these 

aspects have less impact than temperature, but variating them in 

accordance with expected vehicle uses can allow to conduct a 

complete examination of battery cycle ageing. 
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Definitions/Abbreviations 

BEV battery electric vehicle 

DOD depth-of-discharge 

ECM equivalent circuit model 

EMS energy management strategy 

EOL end of life 

ESS energy storage system 

FTP 75 
Federal Test Procedure 75 

driving cycle 

HEV hybrid electric vehicle 

HV high-voltage 

HWFET 
Highway Fuel Economy Test 

driving cycle 

ICE internal combustion engine 

MGP0 
electric motor/generator in 

configuration P0 

MGP4 
electric motor/generator in 

configuration P4 

PHEV plug-in hybrid electric vehicle 

QSA quasi-static approach 

RB rule-based 

RTS 95 
random test standardized 95 

driving cycle 

RWC real world driving cycle 

SOC state-of-charge 

SOH state-of-health 

WLTP 
Worldwide-harmonized Light 

Vehicle Test procedure 
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