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Abstract 
Full hybrid electric vehicles are usually defined by their 
capability to drive in a fully electric mode, offering the advantage 
that they do not produce any emissions at the point of use. This is 
particularly important in built up areas, where localized 
emissions in the form of NOx and particulate matter may worsen 
health issues such as respiratory disease. However, high degrees 
of electrification also mean that waste heat from the internal 
combustion engine is often not available for heating the cabin 
and for maintaining the temperature of the powertrain and 
emissions control system. If not managed properly, this can result 
in increased fuel consumption, exhaust emissions, and reduced 
electric-only range at moderately high or low ambient 
temperatures negating many of the benefits of the electrification. 
This paper describes the development of a holistic, modular 
vehicle model designed for development of an integrated thermal 
energy management strategy. The developed model utilizes 
advanced simulation techniques, such as co-simulation, to 
incorporate a high-fidelity 1D thermo-fluid model, a multi-phase 
HVAC model, and a multi-zone cabin model within an existing 
longitudinal powertrain simulation environment. It is shown that 
the final model is useful of detailed analysis of thermal pathways 
including energy losses due to powertrain warm-up at various 
ambient temperatures and after periods of parked time. This 
enables identification of sources of energy loss and inefficiency 
over a wide range of environmental conditions.  

Introduction 
The combustion of fossil fuels produces several harmful emissions 
including; CO2, NOx, Particulate Matter (PM) and Hydrocarbon (HC) 
emissions. Worldwide transport accounted for 8.24 GtCO2 in 2017 
[1], representing 25% of global CO2 emissions which contribute to 
global warming through the greenhouse effect. CO2 (along with 
water) is a direct product of hydrocarbon combustion and therefore 
its production unavoidable for fossil fuel-based internal combustion 
engines. CO2 emissions can therefore only be reduced by increasing 
the efficiency of the powertrain. Similarly, PM and HC emissions 
tend to be the result of incomplete combustion and increasing the 
efficiency of the combustion can result in a massive reduction of 
these species. In contrast, however, NOx emissions tend to be caused 
by extremely high in-cylinder temperatures; usually occurring due to 
highly efficient combustion at high loads. Therefore, the objective of 
NOx emission reduction can often compete with that for efficient 
combustion in conventional vehicles. NOx emissions react with 
moisture and other compounds to form nitric acid vapor and other 

particles. These can penetrate deeply into the lungs worsening 
respiratory disease [2]. Although NOx emissions can travel large 
distances, they tend to be a localized problem in urban areas [3] due 
to high numbers of vehicles in a relatively small space. As a result, 
many cities are beginning to introduce Low Emission Zones (LEZs) 
and Zero Emission Zones (ZEZs) in order to combat the issue of 
localized transport pollution. 

Battery electric vehicle (BEVs) produce no harmful emissions at their 
point of use, however they tend to have a limited range for their cost 
[4] and cannot be re-charged as quickly as a conventional vehicle [5].
This makes them ideal for purely urban usage where journey
distances are typically small, speeds are low and there may be tight
restrictions on emissions. However, their limited range makes them
unsuitable for intra-urban journeys. Full hybrid electric vehicles
(FHEVs) are characterized by the combination of internal combustion
engine with a tractive electric motor and the ability to operate in
electric-only mode.

FHEVs, operating in electric-only mode, also produce no emissions 
at the point of use and are therefore are ideal for combatting localized 
emissions in urban areas while still having the capability to travel 
large intra-urban distances when using the internal combustion 
engine (ICE) [6]. However, this advantage comes at the expense of 
both cost and complexity [7]. Whereas a conventional vehicle, or 
even a mild hybrid (MHEV) can use the engine to run ancillary 
devices such as water pumps, oil pumps, and an air-conditioning 
(A/C) compressor and use waste heat from combustion to heat the 
cabin, a FHEV requires all of these devices to be able to operate on 
electrical power, similar to in a BEV [8]. However, unlike a BEV, the 
engine is still present and can be used when available. In addition, 
FHEVs tend to have higher total power output than BEVs and 
therefore greater overall demand on the ancillaries.  

In order to assess the efficiency of a FHEV as a whole, the kinetic, 
electrical, chemical and thermal energy should be considered 
concurrently. Many studies already consider a subset of these 
domains. In particular, there are a huge array of work [9–12] 
describing the optimization of the Energy Management Strategy 
(EMS), which typically considers the electrical, chemical and 
mechanical energy of a hybrid vehicle, based on assumption that the 
ICE is constantly at normal operating temperature. This assumption 
may hold for micro- and mild-hybrids, but for FHEVs it is possible 
that the engine may cool down significantly during extended periods 
of electric-only driving. This will lead to increased fuel consumption 
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and exhaust emissions when the engine is restarted due to poor 
combustion efficiency and higher friction at low engine temperature 
[13–15]. 

In actuality, the requirement to model the thermal energy is not 
limited to the ICE. The capability of a battery pack to absorb 
regenerated braking energy is highly dependent on its temperature 
[16,17]. By controlling power split between regenerative braking and 
mechanical braking depending on the battery temperature, more 
energy can be absorbed; increasing the efficiency of the vehicle. 
Equally, most EMs are able to provide short bursts of power above 
their continuous maximum power limit [18], therefore a control 
strategy which is aware of the temperature of the EM will have 
greater control authority to maintain the ICE in its most efficient 
operating region. The efficiency of the transmission is also dependent 
on its temperature. The viscosity of lubricating oil increases at low 
temperatures resulting in greater pumping and frictional losses 
[15,19–21]. Therefore, efficiency gains can be made by actively 
heating the transmission oil during warm-up using waste heat from 
the engine. Power losses from ancillary devices should also be 
considered. In particular, it has been found that cabin climate control 
can account for around 22% [22] of the fuel consumption of a HEV. 
However, due to the relatively slow system dynamics of the cabin 
thermal mass, efficiency gains can be made by scheduling this load 
appropriately based on powertrain demand [23]. Finally, the 
effectiveness of exhaust aftertreatment system is highly dependent on 
temperature, particularly that of the catalyst [24]. It has been shown 
that for gasoline vehicles under real-world driving conditions, the 
majority of CO and HC emissions occur before the catalyst reaches 
“light-off” temperature [25]. 

Due to the significance of cold start conditions on both fuel economy 
and emissions, passive heat losses occurring when the vehicle is 
stationary should also be considered as a potential means to 
improving efficiency. This can be achieved by through control, such 
as limiting fan and pump after-run or closing active vanes [26] and 
through passive means such as insulation of the engine [27–30].  

Each of these components has a high degree of interaction with the 
others; it is therefore important to ensure their integration is 
considered from the start [31]. For example, the temperature 
regulation of the battery pack will affect its current absorption 
capability. If the cooling system and battery are designed in relative 
isolation, and each is designed with its own safety margins, the 
overall performance will be compromised. However, the integration 
of a number of complex interactive systems is in itself a considerable 
modelling challenge [32].  

Simplified models of the FHEV components can be produced in a 
variety of universal simulation packages, such as Simulink, 
OpenModellica or Dymola. However, it is often much more time 
efficient to produce detailed component models using application-
specific software [23]. For example, 1D CFD models of fluid circuits 
can be efficiently constructed in Ricardo Wave or GT-Suite, 3D FEM 
thermal models can be most efficiently created in Comsol or 
PowerTHERM, and control systems can be written using C++ or 
MATLAB/Simulink code. Co-simulation, using open interfaces such 
as the Functional Mock-up Interface (FMI), has made it possible for 
these packages to communicate with each other [33]. This enables 
subject matter experts to work in their preferred software on a single 
component whilst colleagues working in other domains do the same 
[34–36].  

Model based design enables engineers to produce a virtual 
representation of a system in order to reduce the requirement for 
physical testing [37]. However, it is important that the model is 
accurate enough to make informed decisions, while at the same can 
be developed and simulated in a reasonable timescale [31]. Co-
simulation is beneficial in this regard because it increases the 
possibility to re-purpose existing system-level models for insertion 
into vehicle-level models and in-turn results from the vehicle-level 
models are of high enough fidelity to make component design 
decisions. However, care should be taken in order to maintain 
computational efficiency. 

This paper describes the development of a high-fidelity holistic 
vehicle model designed for analysis of thermal energy management 
of a FHEV. The paper begins by providing an overview of each of 
the individual system models, which is followed by a description of 
the techniques used to efficiently integrate them with regard to both 
ease-of-use and computational efficiency. This is followed by the 
simulation methodology used to produce a set of demonstrative 
results and the results themselves. The paper concludes with the 
analysis of these preliminary results from the model and a description 
of planned further work. 

Holistic Vehicle Model 
A high-level overview of the model is shown in Figure 1. The holistic 
vehicle model is made up from a number of complex high-fidelity 
models which have been integrated into a single simulation 
environment through the use of advanced simulation techniques, such 
as co-simulation and surrogate modelling. Each of the system-level 
models have been developed over a number of years at Jaguar Land 
Rover and are actively used for system-level and component-level 

Figure 1 - Holistic model overview, arrows represent most significant thermal (orange), electrical (blue) and mechanical (black) energy flow paths 
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design. As such, they have been developed by subject matter experts 
and validated independently against real-world test data. The models 
have subsequently been adapted by Loughborough University to 
communicate and run efficiently with each other while maintaining 
the accuracy and fidelity of their results. The output is a single model 
which captures the flow of thermal, mechanical and electrical energy 
between the various systems with a high level of detail and enables 
analysis of the complex interactions taking place between the 
systems.  

The vehicle simulation tool used for this project is CalSim, an 
internal Jaguar Land Rover tool developed in MATLAB/Simulink 
[38–40]. Within the CalSim vehicle model is a thermal model FMU 
which has been exported from GT- Suite. The GT-Suite model is 
based on a thermo-fluid model consisting of engine and transmission 
thermal models and has been adapted to include a cabin model and 
dual zone HVAC system model. The powertrain simulation model 
(CalSim) calculates powertrain heat losses and control actions which 
are provided to the thermal model (GT). The thermal model 
subsequently calculates the temperature of each of the fluids and 
outputs its energy requirements (due to pumps, fans, etc.) and the 
fluid temperatures back to the powertrain model. The fluid 
temperatures are then used to calculate combustion efficiency and 
driveline efficiency based on maps contained within the powertrain 
model. The high-level outputs of the model are fuel consumption, and 
exhaust emission output.  

The ultimate purpose of the model is to assess the effect of various 
design changes on the overall fuel consumption and emission output 
of a new FHEV design and to provide a virtual system for the 
development of an integrated thermal energy management strategy 
which will be responsible for holistically managing thermal, 
electrical and mechanical energy in order to maximize efficiency. 
 
Powertrain Evaluation Environment 
The holistic model is hosted in a high-level vehicle simulation 
environment called CalSim, which is based in MATLAB/Simulink. 
Jaguar Land Rover currently uses CalSim to perform vehicle 
performance, fuel consumption and energy assessment. CalSim is a 
comprehensive software package which has been developed in-house 
at Jaguar Land Rover for over a decade. It consists of a collection of 
powertrain models for a range of conventional and electrified vehicle 
designs, packaged together with a database of legislative and in-
house test cases and a parameterization dataset for all current 
vehicles. It is computationally efficient and under continuous internal 

development in collaboration with numerous teams within Jaguar 
Land Rover. This makes it suitable for a wide range of tasks 
throughout the company including engine calibration development, 
hardware-in-the-loop (HiL) testing and hybrid controls development. 

CalSim has a number of strengths. Firstly, the tool simulates the 
high-level behavior of the complete powertrain using parameter 
datasets which are continuously correlated to the latest available test 
data. This means that components which influence the thermal 
management, but are not a direct area of study, such as vehicle 
aerodynamics models, are maintained externally to the current 
project. In addition, it is already widely used throughout the company 
for fuel consumption and performance assessment meaning that 
results are directly comparable to that of other groups. This is of 
particular importance for dynamic drive-cycle simulations such as the 
WLTP where the influence of the driver model can have significant 
effect on the results. Because CalSim is already used for powertrain 
HiL testing, this virtually eliminates a potential cause of error 
between simulation and testing. Finally, CalSim contains a database 
of pre-programmed test cases for legislative and in-house 
performance and economy tests including the necessary pre-
conditioning simulations and environment conditions. This means 
that the resultant holistic model can be tested over a variety of 
worldwide legislative and company standardized test cycles with no 
additional effort. 

CalSim is used to simulate the vehicle powertrain, including engine, 
transmission, driveline and chassis. It also includes models of the 
electric machine (EM), power electronics and battery, However, 
being a high-level vehicle model, the components of CalSim are 
relatively low-fidelity phenomenological and empirical models. It 
does not capture, in sufficient detail, the complex thermal pathways 
required for the development of an integrated thermal energy 
management strategy (ITEMS). It is therefore necessary to introduce 
new sub-models and substitute certain components within CalSim 
with higher fidelity alternatives as described below. 

Thermo-Fluids Models 
The thermo-fluids model captures system-level thermal behavior 
within the powertrain during transient temperature cycles such as that 
of the WLTP legislative cycle. The model, built using the GT-Suite 
library, enables 1D CFD engine coolant and oil temperature to be 
calculated over transient warm-up drive cycles, and hence the 
mechanical losses can be calculated at each point in time. A 
schematic of the 1D CFD warm-up model can be found in Figure 2.   

Figure 2 - Warm-up model thermal pathways 
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In Figure 2, the sub-models included can be seen and the major 
thermal paths are captured. The sub-models include; high and low 
temperature coolant circuits, the engine lubrication circuit, 
transmission oil circuit and a model of the engine structure.  
 
For the engine, heat is generated via a combustion and friction 
models based on the engine speed and load calculated by CalSim. 
The combustion heat enters the system through the combustion 
chamber (modelled via a 3D finite-element model (FEM)) and is 
distributed out through the liner and piston into the engine structure 
which is again modelled using 3D FEM including; engine head, 
block, pistons, valves and sump. The mechanical friction is captured 
through friction data generated via engine testing and numerical 
models enable modelling of temperature effects on each engine 
friction group. The level of friction subsequently impacts the 
combustion characteristics through varying load demand, in turn 
impacting heat generation, warm-up behavior and fuel consumption. 
 
Heat resulting from the combustion and friction models is transferred 
to the fluids through surface connections and heat transfer 
coefficients generated via 3D CFD techniques. The fluid circuits are 
modelled with a high degree of fidelity using 1D CFD, inclusive of 
pressure loss maps/models for each component and all connecting 
hoses in order to accurately calculate the flow rates, pressures and 
pumping loads throughout each of the circuits. The model then 
outputs the temperatures of the fluids at various locations back to 
CalSim where is it used along with the engine speed and load to 
calculate the fuel consumption and engine-out emissions. In addition, 
mechanical (torque) and electric (current) loads are provided as 
outputs from the model for each fan and pump present. 
 
Heat from combustion and engine friction is rejected into the high 
temperature coolant and engine oil circuits. The high temperature 
coolant circuit also interacts with the HVAC model through the front 
and rear cabin heater matrices. The heat rejected by the electric 
machine and battery are calculated in CalSim and used as inputs to 
the low temperature coolant circuit. Similarly, the transmission heat 
losses are used as inputs to the transmission oil circuit. 
 
During normal operation, heat is rejected from the engine oil and 
transmission oil circuits into the high temperature coolant by the use 
of liquid-liquid engine oil (EOC) and transmission oil coolers (TOC). 
During warm up, the flow of heat through these components is 
reversed in order to promote faster oil warm-up so as to reduce 
friction losses. The coolant flow through the TOC can be controlled 
through the use of a multi-port valve in order to be able to control the 
heat transfer to/from the transmission. There are no dedicated oil 
radiators in the model. 
 
In contrast to the transmission oil and engine oil circuits, the low 
temperature coolant circuit and refrigerant circuits have independent 
radiators and are not thermally linked to the high temperature coolant 
circuit, however there may be some thermal interaction due to the 
radiator arrangement. Air flow through the radiators is calculated 
using 1D CFD models based on empirical data using the vehicle 
speed and cooling fan flow rates as inputs. 

 

1 It should be noted that for optimal performance under a wide range 
of climatic conditions, the battery could be actively cooled using the 
refridgerant circuit in hot environments and electrical heating in cold 
environments. Active thermal control of the battery pack is this way 
enables the battery to operate more effectively under extreme 

The model described in this paper is based on an existing vehicle 
which has been experimentally tested over a wide range of 
environmental conditions at the whole-vehicle level. The current 
control strategy passively controls the battery temperature in extreme 
conditions by de-rating the traction battery resulting in potentially 
reduced electric performance1 under these conditions. The validation 
of the thermal-fluids system model was performed by comparison to 
a number of temperature, pressure and flow rate measurements 
located throughout the system, taken over a series of in-house and 
legislative drive-cycles. A sample of the validation comparison for 
the WLTP is shown in Figure 3. It can be seen that the model shows 
an excellent correlation to the test for the high temperature coolant 
and oil circuits. The transmission oil temperature is also within 
acceptable range, although there is scope for some further work. 

conditions but consumes electrical power in order to do so. It also 
introduces additional complexity and cost to the vehicle design. One 
of the ways in which this model will be used will be to perform a 
cost-benefit exercise in order to examine this subject in detail. 

Figure 3 - Thermo-Fluids Model Validation. Warm up temperatures have 
been normalized as a between ambient (0%) and normal operating 
temperature (100%). 
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HVAC & Cabin Models 
The purpose of an automotive heating, ventilation and air 
conditioning (HVAC) model is to simulate the interconnected 
performance of all system components under various conditions to 
provide the thermal comfort of the passengers. A dual-zone HVAC 
system has been developed in GT Suite for the purpose of studying 
the operation of the system and its interaction with the powertrain via 
co-simulation. The dual HVAC system consists of a dual-zone (front 
and rear) cabin model, a refrigerant circuit and an air-duct system. A 
list of the system’s inputs and outputs is given in Figure 4. 

The cabin compartment was modelled as two (front and rear) lumped 
mass 0D system elements with a 1D air path connecting them and 
models the temperature response of each zone as a function of time, 
ambient conditions and vehicle drive cycle. The overall cabin size 
and structure is modelled after a medium-sized SUV. The cabin 
thermal balance considers the heat loads on the cabin through its 
surfaces by convection, radiation and conduction. The cabin element 
provides the load for the dual HVAC model. The two-zone cabin 
element includes a multitude of physical, geometrical, thermal and 
optical specs for its structural components - roof, floor, doors, 
windshield, interior etc.  

The air-duct model supplies air to the cabin vents using a 1D air path 
model consisting of dual electric blowers (front/rear), dual electric 
PTC heaters, the air side of two powertrain-cabin heater matrices, and 
the air side of two refrigerant evaporators. Cabin air can be heated 
electrically or from waste engine heat and cooled using the 
refrigerant circuit. The temperature of the cabin vents is controlled by 
mixing air flow from the evaporator and heaters using flaps in the 
ducts. The source of the air flow to the air duct system can also be 
varied between 0-100% recirculation using outlets in the cabin 
model. 

The dual refrigeration circuit consist of the refrigerant-side of two 
evaporators, one for each cabin compartment zones. The overall 
layout and structure of the model is shown in Figure 5. The 
refrigerant compressor and thermal expansion valves system 
components are empirical, while all heat exchangers are semi-
empirical. The baseline HVAC model uses a crank-driven 
mechanical compressor which receives an input in the form of engine 
speed and outputs torque losses to the host powertrain model. 
Alternatively, an electric compressor can be specified which outputs 
an electrical load to the host powertrain model. The refrigerant mass 

flow rate, torque, power, enthalpy change and many more are 
calculated through the compressor performance data over a broad 
range of loads and speeds. 

The thermal expansion valve (TXV) is built as a simple performance-
based system component. The model senses the change of enthalpy 
and changes the valve opening. The valve changes its opening as a 
function of the refrigerant enthalpy at the evaporator’s outlet. The 
TXV opening is calculated for each time step by the following 
dependency (1): 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛 .

�ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎�
𝜏𝜏. ℎ𝑛𝑛𝑛𝑛𝑛𝑛

 (1) 

Figure 5 - Dual HVAC Model, Top Level Layout. No 

Figure 4 - HVAC System Inputs & Outputs 
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where 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑�  corresponds to the orifice diameter change as a function 
of time, 𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛 is the maximum orifice area, ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the sensed 
enthalpy, ℎ𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎 is the target enthalpy, 𝜏𝜏 is the valve time constant 
and ℎ𝑛𝑛𝑛𝑛𝑛𝑛 is the nominal evaporator outlet enthalpy. 

All modelled components were calibrated with their real-life 
counterpart specification and correlated to test data; a sample 
validation data comparison is shown in Figure 6. 

An A/C pull-down test case was simulated with the baseline dual 
HVAC model. The ambient and initial condition of the simulation are 
ambient temperature of 43 °C, solar load of 1000 W/m2, ambient 
humidity of 0.4, overall test/drive cycle duration of 90 min. Figure 7 
shows the normalized temperature response of each cabin 
compartment zone as a function the vehicles drive cycle alongside the 
normalized refrigeration compressor power output. 

Underhood Model 
The purpose of the underhood model is to assess the impact of 
thermal encapsulation of the engine during soak periods, such as 
when the vehicle is parked. Encapsulation can have a significant 
effect on the post-soak performance of the engine due to the retention 
of heat within the engine and transmission structures and thermal 
fluids. This benefit is represented by the Ambient Temperature 
Correction Test (ATCT) in the WLTP.  

The understanding of the flow development during early soak stage is 
vital to accurately predict the heat transfer coefficients for the heat 
retention modelling. A flow-thermal coupled CAE heat retention 
modelling method was developed [41] to predict the key fluids and 
engine components temperatures’ cool-down behavior with relatively 
cost-effective computing demand. The method development is 
detailed in previous work [42], and here only a brief description is 
included. 

To resolve the buoyancy-driven convection flow around the engine 
bay during the early soak period, a transient full-scale 3D CFD 
method utilizing a particle-based Lattice-Boltzmann Method (LBM) 
[41,42] is used. The LBM approach is an inherently transient flow 
solver, which models fluid at a fundamental kinetic level using 
discrete Boltzmann equations governing the dynamics of particle 
distribution functions [23]. It tracks the motions of macromolecules 
through space and time to simulate flows of gases and liquids. The 
macroscopic hydrodynamic quantities are direct results of the 
moments of particle density distributions given by (2): 

𝜌𝜌 = ∑ 𝑓𝑓𝑖𝑖(�⃑�𝑥, 𝑑𝑑)𝑖𝑖 , 𝜌𝜌 𝑢𝑢�⃑ = ∑ 𝑢𝑢�⃑ 𝑖𝑖 𝑓𝑓𝑖𝑖(�⃑�𝑥, 𝑑𝑑)𝑖𝑖 , 𝜌𝜌𝜌𝜌 = ∑ 1
2

(𝜉𝜉𝑖𝑖 − 𝑢𝑢�⃑ )
2
𝑓𝑓𝑖𝑖(�⃑�𝑥, 𝑑𝑑)𝑖𝑖 , (2) 

where 𝜌𝜌 is the mass density, 𝑢𝑢�⃑  and 𝜌𝜌 are the velocity and the internal 
energy density. 𝑓𝑓(�⃑�𝑥, 𝑑𝑑) describes the single particle number density 𝑓𝑓 
at time 𝑑𝑑 and position �⃑�𝑥. Turbulence in the anisotropic turbulent 
scales (or very large eddies) is directly resolved in the LBM, whiles 
turbulence in the dissipative and inertial ranges is modelled [23]. 

Figure 8 shows an example of the aerodynamic flow field simulated 
by the CFD of the under-hood region. It evidences a buoyancy-driven 
flow feature in the under-hood region where heat irradiated by the 
heat sources (such as the engine block, the turbo-compressor and the 
exhaust components) is absorbed by the surrounding internal air, 
increasing the fluids temperature and inducing the development of 
vortices and air movements around the engine bay.  

Figure 9 shows an example image of a coupled simulation of the 
vehicle under-hood towards the end of the first WLTP cycle, which is 
also the beginning of the soak process. The fluid nodes represented 
by the dot-matrix in the image contain the aerodynamic properties 
and the HTCs information of the internal air computed by the 
transient 3D CFD. This is then seeded into the vehicle thermal model 
to calculate the heat transfer rates of the solids parts and the internal 
cooling liquids (not visualized in the image). The transient solids’ 
surfaces temperatures predicted by the thermal model is subsequently 
mapped onto the CFD model as the new boundary conditions to 
initiate the next cycle of the transient flow simulations. The two 
models running simultaneously and interacts with the new data as 
boundary conditions of each other. The above coupled process 
iterates for several cycles of customized time periods.   

Figure 7 -Normalized Cabin Temperature Response (top) and Normalized 
Compressor Output Power (bottom) 

Figure 6 - A/C Pull Down Validation, normalized between ambient 
temperature and target temperature 
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A 9-hour vehicle cool-down was simulated using the standalone 
vehicle thermal model [23] and the key fluids (coolant, engine oil and 
transmission oil) and metal temperatures were found correlated well 
in between the simulation results and the vehicle testing data, see  
Figure 10. Differences of the coolant block, head, engine oil and 
transmission oil final temperature at the end of the 9-hour soak 
compared to the test data was 0.4, 1.0, 0.1 and 0.2°C respectively. 

Model Integration 
In order to accurately evaluate the effect that thermal energy has on 
vehicle fuel consumption and CO2 emissions, the models of the 
powertrain mechanical and electrical systems, thermal fluids, HVAC 
and cabin must be simulated co-operatively. This is because they are 
inherently interdependent. For the reasons specified previously, the 
vehicle powertrain, chassis, control systems, driver and ambient 
environment are modelled in Simulink. The thermal fluids, HVAC 
and cabin are modelled using GT Suite. The models built in the two 
environments must be integrated into one holistic vehicle model. This 
is achieved using co-simulation. Unlike the other models, the 
underhood model runs sequentially to the holistic vehicle model. 
Final temperatures of components from the co-simulation model can 
be provided to the underhood model for initialization of the soak 
period, and then final temperatures from the soak can be fed back 
into the vehicle model for simulation of the subsequent “warm start” 
dynamic drive-cycle simulation. The overall simulation process is 
shown in Figure 11. 

The GT-Suite cooling circuit model makes use of a dedicated solver 
automatically selected by the platform. The Simulink powertrain and 
vehicle body model makes use of a fixed step solver. For the 
integrated simulation to be stable and generate accurate results, it is 
imperative that each component model makes use of the numerical 
solver selected in its original environment. This is always true for all 
forms of GT model integration, however since CalSim provides test 
case and parameter database integration, it has been selected as the 
host. The authors carried out extensive tests and comparisons on the 
model export options available in GT-Suite. The FMU version 2.0 CS 
“standalone” contains not only the model but also the dedicated 
solver packed with the model file. Therefore, the local simulation of 
the model takes place on the host platform and not on the original 
platform using the embedded original solver. Such arrangement 
makes this method faster than other co-simulation solutions involving 
platform coupling which introduce communication latency delays 
into the co-simulation. Another advantage with this method is that the 

Figure 8 - Example of the buoyancy flow within the under-hood region from a 
full-scale 3D CFD simulation using LBM method. Top row – normalized flow 
temperature. Bottom row – streamlines superimposed on velocity magnitudes 
(color map range: 0 – 0.3 m/s). 

Figure 9 - Thermal analysis of the vehicle under-hood region: the temperature 
distributions of engine bay solids’ surfaces and the fluids nodes nearby 

Figure 10 - Comparison of the fluids cool-down curves between CAE and test 
data for the coolant and oil [23] 
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GT software does not need to be installed on the host PC meaning 
that the model can be shared much more readily between colleagues. 
However, there are a couple of downsides to this method; a much 
larger file size (approx. 95Mb vs 21Mb), and the inability to view 
real-time plots of the GT model variables during simulation 
(however, if necessary, signals can be defined as outputs to the FMU 
and plotted in real-time using Simulink scopes).  

As shown in Figure 12, the GT-Suite thermal model was exported to 
FMI version 2.0 CS Standalone packaged with its dedicated GT 
numerical solver and then imported to the global Simulink vehicle 
model with the use of the dedicated Simulink FMU Import block. 
The vehicle powertrain and body models are parts of the global 
Simulink numerical integration, and as a result, they follow the time 
step of the Simulink model. The cooling system model runs on a 
separate local simulation based on the dedicated GT solver embedded 
to the FMU model. The global Simulink model controls the execution 
of the local cooling circuit simulation and the communication 
between the global and the local simulation. The communication time 
step between the global and the local simulation matches the time 
step of the global Simulink model.  

Results 
In order to demonstrate the model, a sports utility vehicle has been 
simulated over the WLTC using a variety of initial temperatures 
ranging between -7°C and 50°C in order to assess the fuel 
consumption and CO2 emissions. In addition, results from a 9-hour 
soak experiment have been used to initialize WLTC simulations at 
14°C in order to assess the potential benefits of thermal encapsulation 
on the engine.  

The results of a standard WLTC drive cycle in a 23°C ambient 
temperature are shown in Figure 15 (Appendix). All internal 
temperatures have also been initialized at 23°C to simulate a long 
soak period in a controlled environment where the complete vehicle 
has reached ambient temperature. It can be seen that the engine takes 
approximately 14 mins to reach operating temperature. The 
represents almost the first half of the test. During this time, the 
transmission temperature gradually rises, however once the engine 
reaches operating temperature, the transmission oil/coolant heat 
exchanger begins to operate in “warm-up” mode directing waste heat 
from the coolant to the transmission oil. The transmission oil begins 
to warm up at a faster rate and reaches operating temperature around 
4 minutes later. It should also be noted that this level of detail was 
not present in the vehicle model before development of the co-
simulation model. 

Figure 13 shows the effect of ambient conditions on the fuel 
consumption and CO2 emissions when compared to the standard test 
temperature of 23°C. For all of these simulations, it is assumed that 
the initial temperatures of the fluids, cabin, and vehicle structure have 
all reached the ambient temperature. Both air conditioning and 
electric heating of the cabin are disabled. As would be expected, 
increased temperature up to 50°C results in a small fuel saving of 
around 1% due to the reduced warm-up time. For the same reason, 
reduced temperatures of 14°C and -7°C result in increased fuel 
consumption of 0.5% and 2.5% respectively.  

The effect of stationary soak time is shown by Figure 14. In this 
experiment, the temperatures of the model components were 
initialized based on their expected temperatures from the underhood 
buoyancy model (shown in the lowest plot). Again, both air 
conditioning and electric heating of the cabin are disabled. A 
dynamic WLTP test cycle was run and the fuel consumption and 
exhaust emissions calculated. The upper plot shows the difference in 
fuel consumption when compared to a standard WLTP test cycle at 
23°C. The middle plot shows the same for CO2 emissions.  

WLTC (23°C)
•Dynamic Vehicle Model
•All temperatures initialised at 23°C

9hr Soak (14°C)
•Underhood Model
•Temperatures initialised from end 

of WLTP (23°C)

WLTC (14°C)
•Dynamic Vehicle Model
•Temperatures initialised from end 

of soak

Figure 11 – Overall simulation methodology for the Ambient Temperature Correction Test (ATCT) of the WLTP 

Figure 12 - Interfaces and communications between the global and the local 
simulations via FMU CS standalone 
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It is shown that zero soak time results in a maximum fuel saving of 
around 1.5%. Figure 16 (appendix) allows more detailed analysis of 
this result. It can be seen that after the beginning of the test, the fluid 
temperatures do not increase significantly showing that the vehicle 
was approximately at full operating temperature after the first WLTP 
test cycle. The fuel saving takes place as a direct result of the 
increased initial temperature over the same period (800s) as the 
engine warm up in the baseline WLTP test. 

As the vehicle is soaked for a longer period the fuel/CO2 saving 
gradually decreases down to a minimum of 0.25% after 9 hours 
(corresponding to the WLTP ATCT conditions). Examination of the 
results shows that the fluid temperatures are between 20-30°C after 
the 9-hour soak. As a result, the initial conditions are similar to that 
of the baseline test and the warm-up time is approximately the same 
(see Figure 17, appendix). Note that it is possible to have an 
increased fuel consumption for the ATCT due to the lower ambient 
temperature of 14°C compared to 23°C (as shown in Figure 13). It 
should be noted that both the anticipated fuel and CO2 savings fall 
most rapidly in the first hour after of the soak due to the fact that this 
is when the fluid temperatures, especially transmission temperature, 
fall at a higher rate.  

Finally, it should be noted that the encapsulation of the tested vehicle 
is minimal and that gains of approximately 10°C after 9 hours may be 
expected from concurrent work on this project [27]. According to 
Figure 14, this would correspond to a fuel/CO2 saving of around 
0.5%. 

Conclusions 
This model has been created as a plant model for the development of 
an integrated thermal energy management strategy responsible for 
simultaneously managing the electrical, mechanical and thermal 
energy of a full hybrid electric vehicle. It will also be used to set 
design specifications for electrified components. It has been 
successfully shown that the model demonstrates the effect of engine 
and transmission warm-up on the overall vehicle efficiency with a 
high level of detail and enables detailed analysis of the complex 
interactions between thermal and electrical components. 

The complete model run time can be split into three parts as shown in 
Figure 11. The first and final sections of the methodology involve 
running the main dynamic co-simulation which has a runtime of 
around 6.5 hours for a 30-minute drive-cycle using a modern desktop 
PC (real-time factor of 13). Previous work by the authors has shown 
that this can be reduced to close to real time (approx. 40 minutes) by 
reducing the 3D FEM engine structure model into a lumped mass 
model with minimal loss of the overall fidelity. The second section of 
the methodology involves running the 3D CFD underhood model. 
This step is much more computationally intensive; taking around 
23,652 CPU-hours (~61.6hr on 384 CPUs) for a 9 hour simulation, 
however it does not need to be repeated for the vast majority of 
design changes (e.g., e-Compressor sizing, EMS control changes, 
etc.).  

Figure 13 - WLTP Fuel (top) and CO2 (bottom) saving vs. Ambient 
Temperature. It is assumed that the vehicle is soaked, and all initial 
temperatures have reached ambient conditions 

Figure 14 - Effect of soak time on fuel consumption and CO2 emissions The 
upper two plots show the difference in fuel consumption and CO2 emissions, 
respectively, when compared to standard 23°C WLTP test. The lower plots 
show the temperature of a selection of model components after this period of 
time. Temperatures have been normalized as a between ambient (0%) and 
normal operating temperature (100%). 
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The model is under continuous development across multiple groups 
in Jaguar Land Rover and at Loughborough University. One of the 
advantages of the modular co-simulation architecture used in this 
model is that each group can work on their respective module in 
parallel, providing updates to each other at regular intervals. To 
achieve this successfully, the project team has found that it is 
important to ensure continuous review and feedback between the 
separate systems groups, especially regarding the integration of the 
modules into the holistic architecture. Any changes to the modules 
during integration (including model changes, interface changes, and 
even solver settings) are fed back to the relevant system group for 
review. This minimizes the integration effort by ensuring future 
updates already incorporate integration changes and ensures that the 
integrated modules still meet validation criteria at the systems level. 

Validation at the vehicle-level can also be performed by each system 
group within their area of expertise. Each group can use the full 
model for comparison to the independent system and to test data. 
Because the co-simulation model portrays components external to the 
respective system with a much higher fidelity than would be achieved 
using traditional simulation techniques (e.g., simplified models), this 
often makes it easier to trace down the cause of discrepancies with 
respect to vehicle test data. Overall, this serves to increase the 
efficiency of vehicle development, especially in areas where there are 
complex interactions between coupled systems. 

Future Work 
As mentioned, the model and results presented in this work represent 
the baseline vehicle for the Virbius project which uses a crank-driven 
A/C compressor and passive thermal management of the traction 
battery. The model is also capable of using an electric compressor 
model and work is on-going in order to set the required specifications 
for this component along with a number of other electrified 
components. The current model uses reduced order low-temperature 
coolant circuit and exhaust aftertreatment models. Future work is 
planned in order to incorporate high-fidelity models of these 
components into the simulation environment. Incorporation of a high-
fidelity low temperature coolant model with refrigerant cooling and 
electric heating will enable a detailed cost-benefit analysis of active 
battery thermal management. Inclusion of a thermal aftertreatment 
model will enable more accurate calculation of other exhaust 
emissions species, such as NOx and HC, during warm up as well as 
further potential opportunities for ITEMS optimization.  
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Definitions/Abbreviations 
A/C air conditioning 
ATCT ambient temperature correction test 
BEV battery electric vehicle 
CAE computer aided engineering 
CFD computational fluid dynamics 
EMS energy management strategy 
FEM finite element modelling 
FHEV full hybrid electric vehicle 
FMI functional mock-up interface 
FMU functional mock-up unit 
HC hydrocarbons 
HEV hybrid electric vehicle 
HiL hardware-in-the-loop 
HTC heat transfer coefficient 
HVAC heating ventilation and air conditioning 
ICE internal combustion engine 
ITEMS integrated thermal energy management strategy 
LBM Lattice-Boltzmann method 
LEZ low emission zone 
MHEV mild hybrid electric vehicle 
NOx nitrous oxides (NO, NO2) 
PM particulate matter 
PTC positive temperature coefficient 
SUV sports utility vehicle 
TXV thermal expansion valve 
WLTC world light-transport test cycle 
WLTP world light-transport test protocol 
ZEZ zero emission zone 
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Appendix 
  

Figure 15 - Standard WLTC at 23°C. In the upper two plots, the solid line represents the instantaneous consumption/emission respectively (left axis) and the dashed line 
represents the cumulative result (right axis). In the lower plot, the dashed line respresents the battery SOC (right axis) and the solid line represents the vehicle speed (left 
axis). Temperatures have been normalized as a between ambient (0%) and normal operating temperature (100%). 
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Figure 16 – Simulated WLTP in a 14°C ambient environment immediately after pre-conditioning WLTP in a 23°C ambient environment (zero soak time).  The upper 
two plots now show the difference in fuel flow rate, fuel consumed and CO2 when compared to the standard WLTC test. Temperatures have been normalized as a 
between ambient (0%) and normal operating temperature (100%). 
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Figure 17 – Simulated Ambient Temperature Correction Test (ATCT) after a 9-hour soak in a 14°C ambient environment.  The upper two plots now show the difference 
in fuel flow rate, fuel consumed and CO2 when compared to the standard WLTC test. Temperatures have been normalized as a between ambient (0%) and normal 
operating temperature (100%). 


