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Abstract

Task-specific off-highway vehicles are typically produced in small volumes, so limited
resources must be used in their design. The fuel efficiency benefits of hybridizing an off-
highway vehicle are typically in the range of 10-30%, meaning that a simulation tool
should ideally be able to predict fuel usage within about £10%, to support stage-gate de-
sign decisions. However, such simulation tools typically require significant cost, setup
effort, and simulation expertise. A wheel loader and four agricultural tractors were ana-
lyzed with a new tool, “ePOP Concept (v1.0)” from ZeBeyond Ltd. of Leamington Spa,
UK, to estimate the benefits of electrification. This method is quick to set up, requiring
minimal data preparation and simulation expertise. The results were compared with
measured fuel consumption data, and with those of commercially available analysis tools.
The errors deriving from ePOP Concept’s BSFC assumptions alone were large at 17% RMS
when using a generic value for engine BSFC, but could be improved to 6.7% RMS when ap-
plying a readily available minimum BSFC value in the model setup. For future development,
a target accuracy of £10% could potentially be achieved with one-dimensional loss models,
requiring minimal extra setup effort, while reducing the subject BSFC errors to 3.9% RMS.

Keywords: simulation; powertrain; off-highway; electrification; hybridization

1. Introduction
1.1. Background

Vehicle electrification applications are growing in scope and variety, as enabling
technologies appear in the marketplace, including among off-highway vehicles that are
traditionally powered by diesel engines alone. However, interested vehicle manufactur-
ers, wishing to weigh the cost and benefits of electrifying a specialist vehicle, must access
complex and expensive simulation processes before they can make even a simple stage-
gate decision. It is not immediately obvious how electrification will benefit a particular
vehicle design, as it depends on the compatibility of the powertrain architecture with the
duty cycle specific to its tasks. Software tools are required to estimate the benefits, the
most important being fuel efficiency. The total cost of ownership (TCO) over a vehicle’s
lifetime, e.g., 10 years, is dominated by the cost of fuel, far outweighing the capital cost of
the vehicle. Off-highway vehicles represent a special case in respect of electrification for
several reasons. Many are task-specific and therefore sold in low volumes; they are rela-
tively neglected in the research literature for electrification simulation and analysis; and
they often have very specific duty cycles that determine whether they would benefit from
BEV (Battery Electric Vehicle) or hybrid architectures. For example, a vehicle working in
remote locations is unlikely to have regular access to a charging point, making it unsuita-
ble for a BEV or rechargeable hybrid powertrain. On the other hand, a task-specific vehicle
may require maximum power only for very short periods, interspersed with
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opportunities for an engine to recharge the battery, making it a good candidate for hy-
bridization without charging. In such cases it is beneficial to downsize the engine, using
the electrification hardware to make up the shortfalls in maximum power.

As a case in point, several studies have been published on the electrification of agri-
cultural tractors [1-4]. These studies conclude that small tractors are best suited to electri-
fication. Small tractors are denoted “utility tractors” and are sold in higher volumes,
which can better justify the cost of major re-engineering work. Large row-crop tractors,
by contrast, have long periods of continuous high power demand with little respite for
engine recharging, eliminating mild-hybrid opportunities, and they do not suit recharg-
ing architectures either, as the batteries required for a whole day’s work are too large com-
pared to the weight of the vehicle. Off-highway vehicles in other sectors, like construction,
more frequently have task-specific load cycles that are good candidates for electrification,
but they are sold in low volumes, so they do not justify heavy investment in reengineering
costs. The manufacturers of low-volume, task-specific off-highway vehicles could there-
fore benefit from easily accessible methods to evaluate the effects of electrification.

A range of software tools is commercially available for the analysis of powertrain
efficiency, including Advisor, AMESIM, Alpha, Autonomie, AVL Cruise, FASTSIM, GT
Suite and Simulink, which are reviewed in Section 2. These all require significant invest-
ments in preparation work, and/or simulation expertise. Even more input is required if,
as an alternative to commercial software, a simulation is built from scratch —enabling cus-
tomization and avoiding licensing costs, but requiring great expertise in simulation and
much labor. At the other end of the scale, the most accessible method now available is
FASTSIM, which is a free Excel-based tool available from NREL, but it lacks instruction
materials and still requires simulation expertise to set up correctly. The effort required to
set up each tool, and in many cases the significant cost of the license, are prohibitive for a
small manufacturer when considering a design change for a low-volume vehicle.

1.2. Objectives of This Study

This study addresses the question “Can an easily accessible powertrain simulation
tool, requiring minimal setup effort and non-specialist expertise, predict fuel efficiency
with sufficient accuracy for early stage-gate decisions in off-highway vehicle design?”
There is a gap in the methods currently available for evaluating electrification benefits for
off-highway vehicles. The user must invest significant effort in model setup, pay for ex-
pensive licenses in most cases (the equivalent cost of Simulink at a minimum), and possess
simulation expertise, which in practice may mean that a small manufacturer must either
employ dedicated simulation engineers or use expensive consulting services. This study
is intended to evaluate the advantages and disadvantages of an ultra-simplified, Concept-
based analysis method, provisionally named “ePOP Concept,” which is under develop-
ment at ZeBeyond Ltd. ePOP Concept is intended to provide accessibility for non-expert
users, requiring minimal setup and data gathering effort, at a price point that is far below
that of any competitor except for FASTSIM, which is free. Since it relies on simplified as-
sumptions to reduce setup time, the accuracy of ePOP Concept is potentially its weak
point. The fuel efficiency benefits of hybridizing an off-highway vehicle are typically less
than 30% [4,5] and unlikely to be pursued if they offer less than, say, 5%, meaning that a
simulation tool should ideally be able to predict fuel usage within about +10%, to support
stage-gate design decisions. In this study, the accuracy of ePOP Concept is evaluated, both
by analyzing vehicle test data and by inspecting its assumptions, and compared with re-
ported figures for several alternative analysis methods that are commercially available,
including the option of generating a custom analysis with general tools such as Simulink.
The relative accessibility (both setup time and expertise required) is compared to that of
its competitors, to evaluate the accessibility benefit offered by ePOP Concept, together
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with its accuracy. The results suggest that the initial methodology is over-simplified and
creates errors that are too large to be useful, as they are comparable to the electrification
benefits being evaluated, i.e., the error of the measurement is comparable to the thing be-
ing measured. However, analysis of the errors, and their root causes, indicates that an
acceptable balance could potentially be found, first by securing readily available BSFC
data for the engine type concerned, and then further by including a simple one-dimen-
sional correction approach to the component loss assumptions used in the method. This
improved approach is identified and discussed, and the successful effect of correcting en-
gine BSFC is demonstrated for one case. Extension to other cases, and other components,
is reserved for future work. ePOP Concept also estimates capital costs, running costs,
package space, weight, and some emissions values, giving it practical advantages over all
the competitors reviewed, but this study is concerned only with fuel efficiency.

2. Literature Review
2.1. Custom Analysis with General-Purpose Math Tools

Much vehicle efficiency analysis has been published in which the researchers cus-
tomized and performed their own calculations, without the use of a pre-configured soft-
ware tool dedicated for the purpose. For example, Ali et al. [6] created a quasi-static, back-
ward-facing model to simulate ICE, BEV and diesel—electric hybrid architectures for four
different tractors that were tested over a wide range of farming activities. This was a sub-
model used as part of a larger tool for decision support in choosing tractors for specific
applications. Heikkild et al. [7], using the same wheel loader dataset as this paper [8], cre-
ated a simulation of the vehicle from scratch, including detailed component efficiency
models such as a multidimensional loss model for each hydraulic component. They sim-
ulated the effects of replacing the hydraulic system with alternative architectures, also
hydraulic but applying four different alternative sets of components and control algo-
rithms, to achieve the same duty cycle while using less fuel. They applied a rigorous, la-
borious method, involving a substantial amount of data gathering and simulation setup,
and succeeded in demonstrating significant fuel efficiency improvements for three of the four
alternative hydraulic architectures that they proposed. Allam and Linjama [9] used the same
dataset to model the wheel loader, but configured as a series-electric hybrid. Their model was
built from scratch using MATLAB/Simulink. All these examples involved expert and labori-
ous methods to build and integrate efficiency models for several components.

2.2. ADVISOR

ADVISOR (Advanced Vehicle Simulator) is a product of NREL (Washington, DC,
USA) that has been developed to assist OEMs and the US Department of Energy to char-
acterize the performance, economy and emissions of hybrid electric vehicles (HEVs). It is
a steady-state model that uses MATLAB and Simulink for its calculations, and the user
must therefore purchase these licenses in order to use it. The use of the program is de-
scribed by Gao et al. [10]. It delivers both “forward” and “backward” analysis paths,
where the operating point is set from either the throttle pedal or the vehicle speed, respec-
tively. Users do not need to be experts in MATLAB or Simulink, but they must be skilled
in simulation.

2.3. ALPHA

The ALPHA (Advanced Light Duty Powertrain and Hybrid Analysis) tool was cre-
ated by the EPA, for the purpose of calculating emissions for road vehicles. It is a forward-
looking, physics-based model. Like ADVISOR, it uses MATLAB/Simulink for its calcula-
tions. The results of Newman et al. [11] indicate a fuel economy prediction accuracy within
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5% over a wide range of drive cycles. The level of simulation expertise and effort required
is similar to that for ADVISOR.

2.4. AMESIM

AMESIM is a 1D Multiphysics simulation suite under the Siemens Simcenter brand
that is particularly well suited to off-highway vehicles. Its library of components includes
hydraulics and pneumatics as well as vehicle powertrain components. It covers thermal,
mechanical, electrical and control systems. It is a highly capable tool compared with the
others described in this section, but also has expensive licensing and is used by engineers
who are experts in simulation. The literature covering AMESIM, e.g., Qu et al. [12], does
not offer direct accuracy comparisons with measured fuel efficiency data.

2.5. AUTONOMIE

Autonomie is a vehicle simulation tool developed by Argonne National Laboratories,
covering a wide range of vehicle architectures (e.g., conventional, hybrid, PHEV, BEV)
and fuels (e.g., diesel, gasoline, fuel cell, CNG). It uses MATLAB/Simulink for calculations
and requires significant setup effort. Accuracy within 2% is claimed for fuel efficiency
predictions using the Al-enhanced version AutonomieAl Moawad et al. [13], EPA [14].

2.6. AVL Cruise M

AVL Cruise M, demonstrated in Tang [15] and Huang et al. [16], is a simulation suite
offered by AVL List GmbH. It covers a wide range of powertrain technologies and exam-
ple vehicle models, including off-highway vehicles such as tractors. It is a tool of choice
for major OEMs, but also ranks among the most expensive tools available. It requires sim-
ulation expertise and relies on very detailed component models. Its accuracy depends on
the agreement between its subsystem models and the vehicle being simulated, but errors
within 5.5% were reported for CVT vehicle simulations in the work of Tang [15].

2.7. GT Suite

GT-Suite, by Gamma Technologies, demonstrated in Chen et al. [17], is a suite of 1D
simulation tools similar in capability and scope to AVL Cruise. It is particularly effective
for detailed modeling of internal combustion engines (GT-Power), and for vehicle model-
ing it includes GT-Drive+. It is a tool of choice for major OEMs, but also ranks among the
most expensive solutions available in this group. It is an expert tool, requiring dedicated
simulation expertise, and takes significant effort to set up and run.

2.8. FASTSIM

FASTSIM (Future Automotive Systems Technology Simulator) is a forward-facing,
open-source, computationally lightweight, Excel-based tool for powertrain simulation.
There is also a Python-based version offering faster computation. It appears to be the only
tool available for this purpose that is free to access and does not rely on external software
licenses such as MATLAB/Simulink. The explanation of FASTSIM in Brooker et al. [18]
includes Figure 1, indicating that FASTSIM is intended to provide reduced complexity in
exchange for the compromise of sub-optimal accuracy. Its predictions of fuel economy,
electrical energy efficiency, and performance are stated by [18] and Baker et al. [19] to fall
typically within 10%, and often within 5%, of measured data, with results illustrated in
Figure 2. In particular, an exercise conducted by Argonne and NREL, simulating a Ford
Fusion vehicle to compare with measured rolling road data, calculated fuel consumption
to within a 2.4% RMS error.
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Figure 1. FASTSIM’s conceptual positioning among its competitors, in terms of complexity and ac-

curacy. Reproduced from Brooker et al. [18] under the public domain.
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Figure 2. A graph showing FASTSIM’s fuel economy predictions (x) versus EPA window sticker
advertised fuel economy (O) for a number of production vehicles. Reproduced from Brooker et al.

[18] under the public domain.

Given the claims of reduced complexity, fast computation time, and free access,
FASTSIM appears to be the most direct competitor for ePOP Concept among the selected
comparators. It is therefore important to consider FASTSIM’s ease of use and requirement
for user expertise. In [18], FASTSIM is described as “approachable by any user regardless
of software experience level”. However, inspection of the model indicates an array of user
choices that could appear bewildering to a non-expert. In the best case it may be possible
to select matching component models if the target vehicle is of a common type, but the
non-expert user is not easily able to see how much they must do before the model is ready
to run, among the hundreds of choices available. There is no supporting material provided
by NREL to guide the new user, or videos showing it in use, except for written documen-
tation aimed at the Python/Rust versions of the program. The spreadsheet itself does not
appear to be intuitive for either an expert or a non-expert user.

2.9. Summary of Simulation Tools

The tools described in Sections 2.1-2.8 are listed in Table 1 with their important char-
acteristics, comprising, on the one hand, the accuracy claimed for fuel consumption pre-
diction, and on the other hand various aspects of their accessibility, including the expertise
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required of the user, and the amount of effort needed to set them up. ePOP Concept is still
under development, and it remains to be decided how it should be positioned among its
competitors. The competitors require simulation expertise and longer setup times, and
setup must be repeated for every architecture considered, whereas ePOP Concept is de-
signed to evaluate multiple architectures from a single setup. The collection of data re-
quired by the competitors (component loss models, BSFC maps, etc.) is laborious, and
such information is not always made available by manufacturers.

There is a gap at the “simplified” end of the list, which is best filled now by FASTSIM,
for a tool accessible to a small manufacturer who cannot justify expending large-scale en-
gineering resources on a low-volume vehicle; or for any manufacturer who wishes to con-
duct several quick, low-cost assessments of electrification opportunities with minimal la-
bor, time and cost. The accuracy required for this purpose can be estimated very roughly
by considering that hybridization typically offers fuel efficiency improvements of up to
30%, so a target accuracy in the range of +10% for full-cycle fuel consumption would be
ideal. ePOP Concept also estimates cost, weight and package to support architecture se-
lection, and allows rapid optimization among multiple architectures. These features are
not offered by any of the competitor products.

Table 1. Comparison of powertrain simulation methods for off-highway vehicle electrification anal-
ysis. Accuracy figures are as reported in the cited literature. Setup effort and expertise assessments

are qualitative estimates based on tool documentation and the authors” experience.

Method/Tool  User Expertise ~ Software Cost Outputs Data Gathering/ Reported
Setup Effort Accuracy
Custom analysis Expert MATLAB Custom High (weeks-months) 2-5%
ADVISOR Skilled MATLAB + License Efficiency Moderate (days—weeks) ~5%
ALPHA Skilled MATLAB + License Efficiency Moderate (days—-weeks) Within 5%
AMESIM Expert High (commercial) Efficiency High (weeks) Not reported
Autonomie Skilled MATLAB + License Efficiency Moderate (days—weeks) Within 2%
AVL Cruise M Expert Very High Efficiency High (weeks) Within 5.5%
GT-Suite Expert Very High Efficiency High (weeks) Not reported
FASTSIM Moderate Free Efficiency Low-Moderate (days) Within 10.5%
Potential Gap: Low Low Eificiency + Cost, Minimal Within 10%

Weight and Package

Abbreviations: MATLAB = MathWorks MATLAB/Simulink platform required.

3. Methods
3.1. Allam and Linjama Method (Benchmark)

Allam and Linjama’s study [9] is discussed here in detail to illustrate what is involved
when creating a model from scratch. They used a dataset [8] for a 5.7-tonne Wille 665
wheel loader (Manufacturer: Wille (Cimcorp Group), Y1Gjarvi, Finland), and they created
a custom model from scratch, modeling it both in its original form and in the form of a
series-electric hybrid, matching the architectures in Section 2.1. The architecture of their
model is shown in Figure 3. They assigned a larger diesel engine (91 kW) for the hybrid,
and a torque limit for the generator that was significantly below the engine torque rating,
but otherwise used similar components to those used for the ePOP Concept method in
this paper. However, only the HST mechanism (drive to the wheels) was electrified in the
hybrid system, while the tilt, lift, and boost mechanisms remained hydraulic, unlike the
ePOP Concept method, where all power delivery routes were electrified.
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Wheel Loader Powertrain Architectures
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Figure 3. Wheel loader architectures. Adapted from Allam and Linjama [9].

The diesel engine efficiency was modeled using a fuel efficiency map adapted from
published data for another engine. It is typically challenging to obtain component data of
this type for simulation studies, even when the measurements are made by the researchers
conducting the study, as such information is often held only by the manufacturers of the
component. For this reason, some kind of simplification is often required, and the re-
searchers in this case chose to use data from a similar engine. This approach, if scaled
appropriately to the output of the engine, can result in accuracy within 2.5% of the correct
BSFC characteristics (brake-specific fuel consumption), for diesel engines with similar
technology.

Losses for the battery were calculated with a more sophisticated time-step model,
inverter efficiency was assumed at a constant 98%, pump loss calculation assumed a fixed
leakage and a fixed friction torque, and the electric motors were characterized by a calcu-
lated relationship between torque and input current, based on parameters from the
datasheets of a motor manufacturer. The hydraulic pumps were simplified to fixed-dis-
placement pumps, although the subject vehicle was in fact fitted with variable-displace-
ment pumps. Taken together, these simulation methods entailed a significant amount of
data gathering, coding and correlation work, presumably justified by the accuracy targets
of the researchers.
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3.2. Dedicated Software Tools

The software tools listed in Sections 2.2-2.7 have excellent fuel efficiency errors rang-
ing from 2% to 5.5%, as reported in the references. All these methods require detailed
component models, which can usually be obtained from manufacturers or technical pub-
lications, and simulation expertise to verify the quality of the inputs and to integrate them
correctly into the system models. Errors within 10.5% are reported for FASTSIM (Section
2.8). FASTSIM is pre-populated with several example models, so in the best case, a model
could be set up without the need for externally sourced component data. However, the
Excel format, and the lack of instructions, example videos, etc., mean that in practice there
is a need for simulation expertise in order to ensure that the setup is correct.

3.3. ePOP Concept

An account of the ePOP Concept process follows, in order to illustrate both the rela-
tive difficulty of setup, and the assumptions that affect its accuracy. ePOP Concept models
the efficiencies of the powertrain components using simplifying assumptions, which are
reviewed as follows, in the order of the list.

3.3.1. Efficiency Assumption—Inverters

Inverter efficiency is treated as a fixed percentage, whether converting generator out-
put power or motor input power, and the user simply selects an inverter type from a short
list (e.g., SiC, silicon carbide, or GaN, Gallium Nitride). The scale of the errors may be
estimated by reference to Su et al. [20], where efficiencies for IGBT inverters are stated to
range from 74.8% to 99.1% depending on load conditions, with over 90% efficiency for
around 90% of commonly visited operating conditions. The most significant parameter
affecting efficiency is current (a measure of load), since losses increase in approximate
proportion to the square of the current. Similar figures (86-99.9%) are reported for SiC
inverters. Therefore, the assumption of fixed efficiency introduces significant errors which
are systematic, and may distort the effects of upsizing or downsizing system components.

3.3.2. Efficiency Assumption—eMotors

eMotor efficiency is treated as a fixed percentage, whether used as a motor or as a
generator. The user selects from a short list of motor types (e.g., a permanent magnet syn-
chronous motor, or induction motor) and the efficiency is set to a fixed value accordingly.
The scale of the resulting errors may be estimated from Huynh et al. [21], which compares
efficiencies for three types of traction motor on selected city and highway driving cycles
(thus prioritizing commonly used operating points over those less visited). At low load,
efficiency falls to 80-86%; it is best at moderate loads (90-96%); and it falls to 86-90% at
high load. This indicates a spread of 10 percentage points for load variation alone, which
would translate into errors where a fixed efficiency is assumed. This error range is quite
large compared to the effects that ePOP Concept is intended to measure, i.e., those arising
from vehicle electrification.

3.3.3. Efficiency Assumption—Batteries

Battery efficiency is treated as a fixed percentage, whether charging or discharging,
according to a battery type (e.g., Li-ion) selected by the user. However, the round-trip
efficiencies for Li-ion BEV batteries reported in Lin et al. [22] are 85-88% at a charge and
discharge rate of 1C, and 73-76% at 2C, indicating a significant effect of charge rate.
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3.3.4. Efficiency Assumption—ICE (Internal Combustion Engine)

ICE brake-specific fuel consumption (BSFC) is assigned according to a choice of en-
gine type made by the user (e.g., off-highway diesel, or gasoline) and assumed constant
under all conditions. In the work of Friso [23], the BSFC of a 58.8 kW tractor engine is
reported as 216 g/kWh at the optimal condition (mid speed, high load), but rising to 250
g/kWh at moderate load, and over 400 g/kWh at low load. This pattern is typical of inter-
nal combustion engines, as noted by Heywood [24], and is largely caused by a quasi-con-
stant FMEP (friction mean effective pressure) that affects the efficiency in a greater pro-
portion as the load is decreased. If the best BSFC value is assumed in this case, but the
engine runs predominantly at moderate load, which is not an unusual situation, then this
assumption can introduce a simulation error of more than 15%, which is comparable in
size to the effects that the software is intended to measure. However, the full-cycle error
is consistently smaller than the worst-case error, since vehicle powertrains tend to use
very light-load operating points for only a minor fraction of their duty cycles. An addi-
tional error is induced by assuming that all engines of a certain type (e.g., “off-highway die-
sels”) have the same BSFC regardless of size, emissions level, etc. This component is therefore
the one with the largest potential error, if a constant efficiency is assumed. However, the as-
sumption of fixed BSFC for one engine type can be improved with minimal effort by simply
researching the minimum BSFC more specifically for the type of engine envisaged, which is
readily available for most types of commercial engine, or similar surrogates.

3.3.5. Efficiency Assumption—Cooling

The airflow through a vehicle radiator requires a fan, which can consume a signifi-
cant percentage of engine power under some conditions, depending on how it is con-
trolled. ePOP Concept assumes that accessory loads are a constant percentage of engine
power output, which can be set by the user. There are also other vehicle accessories (e.g.,
power steering, alternator, brake air compressor) that are not included in dynamometer
testing to determine BSFC, but are present in the vehicle and affect the overall efficiency.
These are assumed to be captured in the cooling load. Pettersson et al. [25] discusses meth-
ods to model accessory loads in heavy-duty commercial trucks and concludes that they
are heavily dependent on engine speed. Their results suggest that BSFC is increased due
to accessory loads by up to 2% at high engine load, 8% at medium load (i.e., 20-50% of
rated power), and 15% at low loads, which could be consistent with a quasi-constant value
of FMEP at all loads, but clearly not a fixed percentage. Saetti et al. [26] analyses accessory
loads for an agricultural tractor and finds that the percentage effect on BSFC changes from
13.7% during a field work duty cycle, to 22.3% while in transport, to 38.5% at light load.
Therefore, the assumption of a constant percentage would create unacceptable errors for
duty cycles dominated by low engine loads, and would also systematically mask the ben-
efits of moving engine operating points to higher loads, which is a key benefit of some
hybrid architectures, such as serial hybrids.

3.3.6. Efficiency Assumption— Transmission

ePOP Concept assumes a constant percentage energy loss for mechanical transmis-
sions, with pre-populated model efficiencies between 90% and 100%. Transmission tests
reported by Blom [27], Wileman [28], Ryu et al. [29], and Kim et al. [30], covering heavy-
duty trucks and agricultural tractors, indicate losses ranging from 84 to 95% for trucks
and from 88 to 96% for tractors (56% to 86% including tire/soil losses), with the variations
being primarily load-dependent rather than speed-dependent.
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3.3.7. Efficiency Assumption—Hydraulic Pumps and Motors

In some off-highway vehicles, such as wheel loaders, most or all of the engine power
is delivered through hydraulic pumps and actuators, so hydraulic efficiency is an im-
portant quantity for off-highway powertrain models. ePOP Concept allows the user to
select from a list of pump and actuator types, or to create custom alternatives, and each
component is then assumed to have a fixed efficiency percentage for transmitted power
that is independent of speed, load, or any other variable. The efficiency variations of var-
ious hydraulic components are listed in Table 2, using data from Hasan et al. [31], Sarbu
et al. [32], Zwemin et al. [33], Kauranne [34], and Lobsinger et al. [35]. We assume that the
system is adequately designed to avoid common error states leading to further losses from
vibration effects and pump torque ripple effects, as reported in Stosiak et al. [36]. The span
of efficiency estimates ranges up to 20 percentage points (e.g., 75-95%) indicating up to
+10% error if a fixed efficiency is assumed. Baek et al. [37] report 67-80% efficiency for a
complete hydraulic transmission comprising both pumps and actuators, in an agricultural
tractor, the value varying mainly by speed/load operating point, which is compatible with
these results. Karpenko [38] identifies additional losses from hoses and fittings that are
not captured by component-level efficiency models, suggesting that ePOP’s summation
of component losses may underestimate total system losses.

Table 2. Efficiency characteristics of hydraulic components.

Typical Throughput . L . .

Component Type Efficiency Range (%) Primary Cause of Variation Main Physical Sources of Loss
Bent-axis axial bi

ent axiiz:;: piston 75-92% Mostly pressure-dependent Leakage; friction; torque losses

Swash-plate axial piston . .
pump 80-93% Mostly pressure-dependent Leakage; friction; viscous drag
Gap leakage; viscous drag;
External gear pump 70-88% Mostly pressure-dependent .
gear/bearing losses

Balanced vane pump 65-85% Speed- and pressure-dependent Leakage; viscous drag; cavitation

Hydraulic cylinder 75-95% Strongly speed-dependent Seal friction; mixed lubrication

3.3.8. Proposed Improvement —BSFC Adjustment for Load

In ePOP Concept, a single BSFC value is assigned for off-highway diesel engines (0.25
kg/kWh) across all load conditions. This clearly causes fuel prediction errors.

A correction method is proposed in order to reduce BSFC errors, based on the con-
stant FMEP methodology from Pelletier et al. [39], Uyehara [40], Suijs et al. [41], Guzzella
et al. [42] and Rakopoulos et al. [43], and derived as follows:

BSFC =ISFC x IMEP/BMEP 1)

= ISEC x (BMEP + FMEP)/BMEP @)

So provided we know ISFC, FMEP and BMEP, we can calculate BSFC from BMEP,
which introduces the desired correction for load at the operating point.

We can calculate BMEPop from Pop provided we know the RPM and engine displacement.

We assume that BMEPmax and FMEP (assumed constant) are known for a given en-
gine type, and that ISFC is constant for a given commercial diesel engine, and that we
know Pop and Praed. For commercial diesel engines, BSFC_min is assumed to occur at the
same RPM as BMEP max, a reasonable approximation according to Heywood [24]. There-
fore, to determine ISFC,

ISFC = BSFCumin * BMEPmax/(BMEPumax + FMEP) 3)
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BMEPop = BMEP max x PDp/Pmted (4:)
BSFCop =]SFC x IMEPUp/BMEPop (5)
= BSFCuin x BMEPmux/IMEPmax X (BMEPmux X Pnp/Pmrfd + FMEP)/(BMEPmm( X Pap/Pmted) (6)
= BSFCuin x BMEPmux/(BMEPmax + FMEP) X (1 + (FMEP X Pmrfd/(BMEPmux X Pap)) (7)

We assume the following representative values for commercial diesel engines [39—43]:

BMEPux = 21 bar )

FMEP = 0.8 bar )

and assume that the value of BSFC_min is selected from published data to match the avail-
able engine type and size. We can then use this method to correct the BSFC for load.

where

BSFC =  Brake-specific fuel consumption (kg/kWh).
BSFCwin =  Minimum BSFC at optimal operating point (kg/kWh).
BSFCyp =  BSFC at the operating point (kg/kWh).

ISEC = Indicated specific fuel consumption (kg/kWh).
IMEP =  Indicated mean effective pressure (bar).
BMEP =  Brake mean effective pressure (bar).

BMEPmsx =  Maximum BMEP at rated power (bar).
BMEP, =  BMEDP at the operating point (bar)

FMEP =  Friction mean effective pressure (bar).

Pop =  Power at the operating point (kW).

Pratea = Rated (maximum) power (kW).

IMEPm: =  Maximum IMEP at rated power (bar).

IMEP, = IMEP at the operating point (bar).

3.3.9. Efficiency Assumptions—Summary

The efficiency estimates listed in Sections 3.3.1-3.3.7 are tabulated in Table 3, ex-
pressed as the percentage loss of engine power. The estimated errors are not intended to
be definitive, but simply to illustrate the approximate scale of errors that may be intro-
duced when a fixed efficiency value is assumed. In practice, the estimated errors are re-
duced, partly because the worst cases are usually found at edges of the operating envelope
that are rarely visited, and partly because powertrain duty cycles usually demonstrate
higher residency in operating regions with better efficiency, so the average efficiency is
significantly better than the worst cases. However, an important technique of hybrid ar-
chitecture design is to shift operating points from less to more efficient regions, and this
effect is systematically distorted by error mechanisms that favor higher load operation
(which is often the case). Most of the variations in component losses are primarily influ-
enced by a single input variable, such as torque or current. Multidimensional component
loss models (with several independent variables) are potentially accurate to within a few
percent, whereas Table 3 suggests that fixed-efficiency assumptions can introduce errors
in the range of 10-30%. However, the primary dependency of each loss on a single input
variable suggests that a simple 1D model for each component, correcting (for example)
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for the percentage of maximum torque or current being used, ensuring the variable is one
that is readily available in the analysis, might be able to eliminate a significant amount of
the error in return for a minimal requirement of data discovery, setup effort, and simula-
tion expertise.

Table 3. Efficiency characteristics of major powertrain components.

Typical Losses

Component Type (% of Power)

Primary Cause of Variation Main Physical Sources of Loss

Current dependent; efficiency de-
Inverter 1-25% creases at low current and near

high-current limits

Load dependent; mild speed de- Copper losses; iron losses; inverter-induced
pendency harmonics; mechanical friction

Internal resistance (I’R losses); charge-trans-

fer losses; thermal effects
Load dependent; mild speed de- Combustion losses; heat transfer; pumping

Switching losses; conduction losses; gate
drive losses

Electric Motor 4-20%

Battery Pack (Round Trip Effi-
ciency)
Internal Combustion Engine

12-27% Current (power) dependent

1-799
(ICE) 61-79% pendency. loss; friction; accessory loads.
2-15% (h
Cooling/Accessories Str/:((:k?avy Power dependent Cooling fan, steering, brakes
T ; mil - h 1 ; ing friction; oil
Mechanical Transmission 416% orque dependent; mild speed de Gear mes osses; bearlﬁg riction; oi
pendency churning and windage
H li L ; seal friction; vi ; ita-
ydraulic Components 5_35% Load dependent eakage; seal friction; viscous drag; cavita

(Pumps, Motors, Cylinders) tion at high speed

3.4. Case Studies

The case studies comprised one for a wheel loader, which had hydraulic actuators for all
work (including driving the wheels), and one for a group of agricultural tractors, with me-
chanical transmissions for traction, and PTO (power take-off) drive for accessories.

3.4.1. Wheel Loader Analysis

A wheel loader, as shown in Figure 4, is an example of an off-highway vehicle with
a very specific task. Its normal work pattern is most commonly represented for simulation
purposes by the “Y cycle”, in which it loads bulk material from a pile and transfers it to a
truck, a short distance away. This work pattern, for the interested reader, can be found in
a YouTube video [44]. The cycle exercises the mechanical movements of raising the
bucket, tilting the bucket, articulating the chassis about a central vertical-axis joint to pro-
vide steering, and wheel drive. In the case of the test vehicle for this study, these actions
are powered by four separate hydraulic pumps driven by an 83 kW diesel engine.

Figure 4. A Wille 665 wheel loader. Image by Pasi Varjotie. Licensed under CC-BY-SA 4.0
(https://creativecommons.org/licenses/by-sa/4.0/ accessed 5 December 2025). Source: Wikimedia

Commons (Wille 665.jpg).
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Stacked Peak Power
69.51 kW
Cycle Peak @

63.31 kW
Average @

15.74 kW

A dataset for a wheel loader performing the Y cycle has been generated and made pub-
licly available by Heikkila et al. [8], in which measurements of the mechanical actuations are
logged over repeated Y cycles for a Wille 665 diesel-powered wheel loader loading gravel at
a logging frequency of 10 Hz. Using these measurements, it is possible to calculate the power
used for each of the four actuation modes. The efficiency of the diesel-hydraulic powertrain is
analyzed using ePOP Concept to assess the potential benefits of hybridization, and the fuel
efficiency results are compared with measured data from the test vehicle.

The vehicle used in the wheel loader dataset [7] was a 5.7-tonne Wille 665 wheel
loader with an inline 6-cylinder, 4.4 L, 83 kW Cat diesel engine (Engine manufacturer:
Caterpillar Inc., Deerfield, IL, USA). The engine drives four hydraulic pumps; Work
Pump, Side Pump, HST Pump (hydrostatic transmission), and Boost Pump. The Work
Pump actuates the bucket, the Side Pump actuates the articulation for steering, the HST
Pump actuates the wheels, and the Boost Pump primes the circuits with pressure before
actuation. Fuel flow was logged from the engine management system, and mechanical
power output was calculated from the measured pressure drop and fluid flow (calculated
from the speed of each actuator). Therefore, the input fuel flow is known, and the useful
hydraulic power delivered by the pumps, but the output mechanical work can only be
estimated by assigning efficiency models to the actuators.

The dataset comprises measurements at 10 Hz, over 440 s, of the data channels shown
in Appendix A. This comprises just one Y cycle, which is considered sufficient to exercise
the system for the purposes of stage-gate efficiency comparisons. The channels for “Work-
Pump” were repeated for the three other pumps. The data were processed to provide a
time series of (time, power) for each of the four pumps, and these series were used as
inputs for the analysis software. For the purposes of fuel consumption comparison with
measured data, the actuators were removed from the model and the power input to the
model was taken as the hydraulic power delivered by the pumps, as the measurements
did not include the mechanical forces in the actuators, so any attempt to recreate the actu-
ators with efficiency models would not add any useful information. For the purposes of
estimating the benefits of electrification, the actuators were included with a suitably mod-
ified input load cycle. Part of the combined load cycle is shown in Figure 5.
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Figure 5. Mechanical output power (kW) versus time (s) for the beginning of the combined load

cycle for the wheel loader.

An important feature of the ePOP Concept software is that the load cycles (in this
case four, one for each pump) are the only data inputs required. Some internal parameters
are available for adjustment, as described in the following sections, but the program is
ready to run with load cycle data alone. The user inputs the number of these load cycles
to be completed in a week, in order to support calculations of TCO.

After the load cycles are loaded, the ePOP Concept program generates an architec-
ture layout for each of two powertrains to be compared. The user can choose between
architecture types with choices such as “parallel hybrid without charging” and between
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output paths, such as hydraulic pumps and motors, for the outputs. The original hydrau-
lic powertrain is denoted “A”, and the alternative electrified powertrain is denoted “B”.
Powertrain “A” is shown in Figure 6. This simplified architecture, which ignores con-
trol valves and control strategies, shows the diesel engine driving four separate hydraulic
pumps, each powering different hydraulic actuators. Three (side, work, and boost) are
characterized as hydraulic cylinders, and one (HST) is a vane motor driving the wheels.

P Y — @ Cooling Fan
Dlese‘, - WLoa.. = WLC. =
Fuel Tank Engine Work (bucket)
|" E} Waork
WLP. = WL H. -

Side (steer)
oy =

WLP. - WLH.

Side

Boost
oy (53

WLP. v  WLH. v

Boost

HST (Wheels)

B ——srump

WLP. - Axial .. =

Figure 6. ePOP Concept representation of powertrain “A”.

Powertrain “B” is shown in Figure 7. This is a series-hybrid architecture without ex-
ternal recharging. The hydraulic pump is replaced by an inverter and generator, powered
by the engine. The actuators are replaced by inverters and electric motors, ignoring the
mechanical hardware that would be required. In the middle is a battery, which is used to
store energy when the power demand is low, and to supplement the engine maximum
power when demand is high. Both these architectures were quickly set up by selecting
choices from drop-down menus.

Engine Generator Inverter Inverter eMotor
P A 4 O 10F —— Work (bucket)
Diesel +  WLoa. ¥ PMS. w SiC(A. * WLIn. *  WLP. =
Fuel Tank

@ mn {:E‘,'} —— Side (steer)

WLC. = LFP1.. = WLn. = WLP. =

Cooling Fan

{:l::l} = Boost

WLin. = WLP. =

=3 —— HST (Wheels)

Wlin. v  WLP. w
Figure 7. ePOP Concept representation of powertrain “B”.

The ePOP Concept program contains pre-populated characteristics for the power-
train components in the layouts. The menu is shown in Figure 8. Each component name
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is followed by the numbers of pre-filled examples and user-customized examples behind
the tab (e.g., 5 and 1 for the first item).

{Iﬁl} Inverters i 5 @
Motors i o @

Batteries i o & 1

€ 8

Chargers i 2 @&

9

Fuels ins o

<)

ICEs i 7 & 2

Fuel Tanks ik e @ 0

Coolers i 2 2

Transmissions it 6 & 0

Hydraulic Pumps it 4 %

Hydraulic Motors it 5 @ 2

N §® § ¢ @

DC/DC Converters it 4 @ 0

Figure 8. ePOP Concept menu of components.

Each component category contains pre-populated choices, as seen for Batteries in Fig-
ure 9. The user may either select an existing example from those presented or create a new
one, as in the last line of Figure 9. It is also possible to limit the size of the component
between upper and lower limits—e.g., for the battery, the user could specify 30 and 130
kWh as minimum and maximum size limits in the cropped image of Figure 9). Within the
allowable size limits, the program then sizes the hardware necessary to meet the load cy-
cle. The component parameters are all expressed in scalable form, so that whatever the
size of the component, its parameters can be calculated from the table. This simplifies the
setup greatly, as the user is not required to find characterization data for the components,
but it also over-simplifies the relationship between parameters and component size, in-
troducing inaccuracies. For this reason, the ePOP Concept software is suitable only for
initial evaluations of hardware configurations, its intended application.

@} Batteries 16 @ 1

Name

LFP

NMC

NCA

Lead-Acid
Ultra-Capacitors

LFP 30kWh Limit

LFP 1000kg

Volume Mass Minimum Maximum
Cost Density Density S.0.C. S.0.C. C Rating C Rating
$/kWh Wh/L Wh/kg % % Peak Continuous
120 275 130 20 100 4 3
140 575 225 20 100 10 2
150 650 250 20 100 12 2.5
100 95 40 60 100 20 0.4
3000 0.01 15 10 100 500 10
120 275 130 20 100 5 3
200.00 275.00 130.00 20.00 90.00 4.00 3.00

Figure 9. ePOP Concept component parameters for Batteries. Customized entries may be created

with edited values where superior information is available, as in the last entry.
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3.4.2. Tractor Analysis

Agricultural tractors are produced in a range of sizes for different applications.
Smaller tractors have engines up to about 80 kW and are denoted “utility tractors”, de-
signed for mixed tasks, including mowing and everyday farm duties not requiring high
power. “Large row-crop tractors” with engines above about 125 kW are used for tasks
with high drawbar loads, often using wide implements to cover as many crop rows as
possible. A large row crop tractor (a Fendt 820 Vario, Manufacturer: Fendt (AGCO
GmbH), Marktoberdorf, Germany) is shown in Figure 10. This paper analyzes four farm-
ing tractors of different sizes (Fendt 211, 314, 722 and 820) using ePOP Concept, perform-
ing common farming tasks such as harrowing and seed drilling, to determine whether
hybridization could improve the total ownership and running cost over a period of 10
years, and if so, with what architecture. The fuel efficiency results are compared with
measured data from the test vehicles. The dataset was taken from Gotz et al. [45].

Figure 10. Fendt 820 Vario tractor. Image by joost j. bakker, licensed under CC-BY 2.0. Source: Wiki-
media Commons (File: Fendt 820 Vario TMS.jpg).

The four tractors were measured with data loggers over 92 different farming activi-
ties, and each one was analyzed using ePOP Concept. The activities were performed over
a period of several months encompassing a range of weather conditions, over around 14
different fields. Examples of the load cycles are shown in Figures 11-13. The results indi-
cated that the benefits of hybridization decreased with increasing tractor size and power,
mainly because the larger models (722 and 820) are used for tasks requiring high power
for long continuous periods.
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Figure 11. Power (kW) versus time (s) for Fendt 211, power harrowing.
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Figure 12. Power (kW) versus time (s) for Fendt 314, seed drilling.
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Figure 13. Power (kW) versus time (h) for Fendt 820, seedbed activity.

For the purposes of this paper, it was not the effects of hybridization that were of
primary interest, but the accuracy of fuel prediction. Therefore, the simulated fuel con-
sumption for each tractor was compared with the actual fuel flow logged from the engine
management systems via CAN-BUS.

4. Results
4.1. Wheel Loader Analysis—ePOP Concept

The ePOP Concept program analyzed the input data from the wheel loader and pre-
sented two architectures, A and B, as in Figures 6 and 7, one being the hydraulic system
of the base vehicle and the other a proposed diesel-electric series hybrid. Table 4 shows
the calculated fuel costs over 10 years as USD 154,914 for the base vehicle and USD 123,436
for the hybrid, giving a reduction of 20%.

Figure 14 illustrates the results by showing the equipment cost (powertrain only)
versus the degree of electrification. The lower solid dot at the 0% position represents the
original hydraulic hardware, Powertrain A, while the line represents the electrified hard-
ware, Powertrain B, which is more expensive. Figure 15 is similar, but the Y axis represents
the TCO, or total cost of ownership. There is a second solid dot on the line in each graph,
with a vertical line through it, representing the position on the x axis currently being con-
sidered for Powertrain B. The user can grab and move the vertical line to the right or left.
Movement to the far left indicates “0% electrification” or vanishingly small electrical com-
ponents, so effectively a pure-ICE solution. Movement to the right introduces increasingly
large electrical components, until at the far right (100%) the hybrid powertrain has a van-
ishingly small ICE, or effectively it is a pure BEV. There is no possibility of increasing the
electrification of A from 0%, because it is all hydraulic, and therefore pure-ICE. There is
also an infeasible condition at either end of B; it would make no sense to build a series
hybrid with no battery (0%), even though a solution appears on the graph, while for a
fully electrified powertrain (100%), there would be no source of power at all, as this option
does not allow recharging. The weight of the battery was arbitrarily limited to 1000 kg
during setup (user-selected in proportion to the base vehicle weight of 5700 kg), so there
is a limit to the “electrification %” that can be achieved without exceeding this limit—
indicated where the solid line, in both Figures 14 and 15, turns into a dotted line.

Table 4 shows estimated sizing and cost for the major components of powertrains A
and B, where B is set to the minimum point of “4% electrification” (noting that this
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percentage is an arbitrary scale). Figure 16 shows a waterfall chart of the same data, indi-
cating how the cost additions and deletions result in the overall change in capital cost,
when replacing the hydraulics with electrical hardware.

Table 4. Size and cost of major components in Powertrain A and Powertrain B.

“A” Component Size Cost (USD) “B” Component Size Cost $
Hydraulic System 20,188 Electrical System 29,963
ICE 91.7 kW 8201 ICE 41 kW 4949
Cooler 1 2.1 kW 82 Cooler 1 1kW 50
Fuel Tank 368 Fuel Tank 293
Total Initial Cost USD 28,839 35,255
Fuel Cost (10 yr) USD 154,914 123,436
Total TCO (10 yr) USD 183,753 158,681
$90.000 ———
$80.000
$70,000
$60,000
2 $50,000
o
=
£ $40.000
$30.000 @
$20,000
$10,000

$0
'S
@ 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70%
Electrification %

Figure 14. Results for Powertrain A (round dot, lower) and B (solid line, upper). Showing initial

capital cost, USD, versus electrification %, where 0% represents pure-ICE and 100% represents pure-
electric.

$250,000 —

$200,000
L ]

$150,000

Total Cost

$100,000

$50,000

S0
S
@ 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70%
Electrification %

Figure 15. Results for Powertrain A (round dot, upper) and B (solid line, lower). Showing total cost
of ownership (TCO), USD, over 10 years, comprising capital cost plus fuel cost, versus electrification
%, where 0% represents pure-ICE and 100% represents pure-electric.
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Figure 16. Waterfall chart showing the TCO cost walk from the original hydraulic system (left) to
the hybrid system (right). The graph shows the TCO delta for each step on the X axis.

The wheel loader fuel consumption was measured during the vehicle test, and the
result is shown in Table 5. The prediction shows an error of only 2.6%, despite the inherent
errors possible in the assumptions. This cannot be taken as a validation of the method,
however, as it covers only one data point, and errors can of course cancel each other out.
However, had the error been larger than theoretically possible, it would have constituted
useful information.

Table 5. ePOP Concept predicted fuel usage for the wheel loader in the Y cycle. Assumes diesel fuel
density 0.835 kg/L.

Cycle Average Power Fuel Usage Fuel Usage BSFC (Measured), BSEFC (Predicted),
(Measured), kW (Measured), L (Predicted), L g/kWh g/kWh
15.74 kW 61.2 59.6 406 395.2

4.2. Tractor Analysis—ePOP Concept

The ePOP Concept program analyzed the input data from the four tractors over a
total of 92 farming activities. The source data did not include measurements of mechanical
drawbar loads or PTO torque sufficiently to measure the total mechanical work per-
formed, but it was possible to access the engine shaft work and the fuel flow as inferred
values logged from the engine management system. ePOP Concept simulated the system
based on the input load cycles and predicted the fuel consumption, which was then com-
pared with the logged fuel data. This was effectively a test of the BSFC assumption in the
program, as it did not include other components of the transmission. The resulting com-
parison is shown in Figure 17, where the ePOP estimation is shown as a percentage of the
logged fuel consumption, plotted versus engine power as a percentage of rated (maxi-
mum) power. The 100% in the Y axis indicates that the two estimates of fuel flow were in
agreement, while a value greater than 100% indicates that ePOP Concept estimated more
fuel flow than that which was logged from the engine management system.
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Figure 17. Graph of (ePOP fuel consumption prediction)/(actual fuel usage) versus average power
used as a percentage of rated power, for each of several farming activities performed by the four
Fendt tractors. A positive value indicates that ePOP is over-predicting the fuel consumption for the
activity. RMS error = 17.0%.

4.3. BSFC Correction

The analysis was repeated after adjusting the BSFC assumed for each of the four en-
gines by substituting published manufacturer data for minimum BSFC instead of the ge-
neric value assumed by ePOP Concept for off-highway diesel engines. These values can
be seen in Table 6 under the heading “Engine Only” [46-52]. The load-based BSFC correc-
tion of Section 3.3.8 was also applied, and these two changes resulted in the errors shown
in Figure 18, which now lie between -10% and +10% and yield errors of 3.9% RMS.

120%

110% -

100% = AP
90% -

80%

70%

60%
0% 20% 40% 60% 80% 100%

Figure 18. Graph of Figure 17 after applying a correction formula. The Y axis shows (ePOP fuel
consumption prediction)/(actual fuel usage) as a percentage, and the X axis shows the average
power used as a percentage of rated power. Each point represents one of several farming activities
performed by the four Fendt tractors. The correction improved the errors by using the published
BSFC data from Table 6, with a formula for adjusting BSFC according to percent load, instead of a
single BSFC value to cover all off-highway diesel engines at all loads. RMS error = 3.9%.
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Table 6. Published BSFC data for the diesel engines used in the subject Fendt tractors and wheel

loader.

Engine Model Vehicle Model ::;?:}ug; IB;’ ?Ilj;: cl)( g/kWh
AGCO 3.3 L1I3 Stage V Fendt 211 0.212/0.293
AGCO 4.4 L 14 Stage V Fendt 314 0.226/0.277-0.303
Deutz 6.1 L 16 Stage IIIA Fendt 820 0.195/0.240
Deutz 6.1 L I6 Stage V Fendt 722 0.198/0.244

5. Discussion

The ePOP Concept software is a cloud-based program intended to make the simula-
tion capabilities of its sister program, ePOP Desktop version 3.4.0, accessible for non-ex-
pert users. The methodology of the ePOP suite of software is described by Dotter et al.
[53] and Holdstock et al. [54]. ePOP Concept is designed to generate the figures and results
shown in Section 4, as an early-stage assessment of the benefits of electrification, based on
the nature of the load cycle. If the results are strongly positive, the user would be expected
to pursue more accurate methods in creating a new vehicle design, whereas if not, the
user would be spared the expense of the more thorough approach.

The cost calculations illustrated in the results were not part of this study, and repre-
sent hypothetical scenarios, so they cannot be compared with real data. They are pre-
sented here to illustrate the process of using ePOP Concept, and the nature of its user
interface.

The most important output of ePOP Concept is the estimation of fuel costs over the
vehicle lifetime—typically 10 years—since this cost outweighs the capital cost of the
equipment by far. Therefore, this study concentrates on the accuracy of the fuel prediction
calculation, and the inherent trade-off between prediction accuracy and accessibility.

5.1. Accuracy of Fuel Prediction

The target fuel prediction accuracy for ePOP Concept is £10%. The wheel loader fuel
usage calculated by ePOP Concept, per daily cycle, seen in Table 5, equates to 59.6 L,
whereas the logged data from the vehicle indicates fuel usage of 61.2 L, giving an under-
estimate of 2.6%. This is within target, but the results in Figure 17 have an RMS error of
17.0%, which is biased towards over-estimation except at low engine loads. Even if engine
BSFC were the only source of error, the target would clearly not be met. However, an RMS
error of 6.7% can be achieved by a simple setup adjustment using an easily obtained pub-
lished BSFC value for the type of engine envisaged.

5.2. Causes of Fuel Prediction Errors

A major cause of this error spread may be seen in Figure 19, where the average BSFC
of the engine is calculated for each activity, using the fuel flow, RPM, and inferred torque
logged from the tractor engine management system. This calculation from the dataset has
nothing to do with ePOP Concept, but it illustrates the dependency of BSFC on the engine
load and the engine type. With regard to engine load, it is well known that diesel engines
are more efficient at higher loads, partly because the losses due to friction and accessory
loads become smaller by comparison with the output power. The dependency of BSFC on
engine type is also significant, and it illustrates two phenomena. First, the older Stage IIIA
engine of the 820 is designed to meet a lower emissions standard than the other engines,
and therefore has relatively better BSFC, being less compromised by aftertreatment, EGR
and injection timing. Secondly, among the Stage V engines, the challenge of meeting the
higher emissions standard is known to place more efficiency compromises on smaller
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diesel engines than larger engines, while the surface—-volume ratio of the largest engine
is also an efficiency advantage, and so the results favor the larger engines over the smaller.

ePOP Concept recommends a single BSFC value for all off-highway diesel engines,
of 0.25 kg/kWh. It can be seen from Figure 19 that this value (if it must be fixed) is reason-
able for the 3.3 L 3-cylinder and 4.4 L engines, but not for the larger engines, for the rea-
sons stated above. Therefore, the constant-BSFC assumption introduces systematic errors
into the fuel consumption results from ePOP Concept.
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Figure 19. Graph of average BSFC, kg/kWh, versus percentage of rated power, for the farming ac-
tivities in Figure 17, calculated from logged data. ePOP assumes constant BSFC (0.25) for all off-
highway diesel engines, but the graph shows that actual BSFC varies significantly, with an increas-
ing trend towards lighter load.

5.3. Methods to Reduce Fuel Prediction Errors

The trend in Figure 19 is that larger displacement diesel engines tend to achieve better
BSEC. Table 6 shows published BSFC data for all four engines and confirms the trends
seen in Figure 19. Regardless of the cause, it is clear that the assumption of constant BSFC
across a range of engines introduces a significant error, some of which could possibly be
avoided by applying simple corrections. Pelletier et al. [39], Uyehara [40], Suijs et al. [41],
Guzzella et al. [42], and Rakopoulos [43] propose methods of estimating minimum BSFC
using scaling algorithms, given minimal information about the engine beyond the re-
quired size and type. A version of this method could also be incorporated in future ver-
sions of ePOP Concept to remove much of the observed error in Figure 17. Changes to
engine size would then be adjusted by ePOP Concept during optimization starting from
a known base. A simpler approach would be to search the literature (a quick process with
modern search tools) to find the minimum BSFC of similar engines to those anticipated
for the application, and to use that BSFC value in ePOP Concept, where it can be manually
added to a new engine selection. This is a very light addition to the setup burden, since it
is a single scalar value that is generally advertised and easily available for commercial
engines or engine types.

Having determined the minimum BSFC for an engine, the FMEP-based correction
method described in Section 3.3.8 could be used to adjust for engine load, as a proportion of
maximum load (using torque as the load metric if available in the simulation, or power if not).

Combining both these methods, the results were corrected using the formulae in Sec-
tion 4.3, and the errors were reduced to within +10% (Figure 19) with RMS error = 3.9%.
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Similar approaches could be applied to the other components in the powertrain (in-
verters, motors, hydraulic components, etc.) where errors are strongly influenced by a
single, accessible variable, such as engine load.

In its current form, ePOP Concept is not yet modified to apply both these correction
methods, but it is already possible to apply one of them by substituting the published
minimum BSFC value for the engine, or a similar surrogate, instead of the generic value
pre-populated in the program. This simple step is easily managed without simulation ex-
pertise, and this information is generally easy to obtain. The runs were repeated with this
correction alone, but without the load-based correction formula, and the results are shown
in Figure 20. The RMS error was not reduced entirely from the original 17% to the 3.9%
RMS obtained with the formula included, but it was instead reduced to 6.7% RMS. This
value is compatible with the overall target of +10% for early gate-stage evaluation of elec-
trification opportunities, and could be further improved in future by application of the
load-based formula, and by similar attention to the loss models for the remaining power-
train components.
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Figure 20. Results of Figure 17 when each ePOP Concept run is adjusted to the published minimum
BSFC of the engine. The Y axis shows (ePOP fuel consumption prediction)/(actual fuel usage) as a
percentage, and the X axis shows average power used as a percentage of rated power. Each point
represents one of several farming activities performed by the four Fendt tractors. The correction
improved the errors by using the published BSFC data from Table 6, instead of a single BSFC value
to cover all off-highway diesel engines at all loads. RMS error = 6.7%.

5.4. Evaluation of Hybridization Benefits

ePOP Concept includes estimation methods for cost, weight, and package space for
the vehicle powertrain. These methods are based on simplified methods that are not de-
scribed in this study, but the most significant element of TCO is the fuel cost over 10 years,
and this dominates the cost-benefit calculation for the vehicle. The most striking result of
the ePOP Concept analysis in the Results Section, although a very simple one, is that the
fuel cost of powertrain A (USD 154,914) is much higher than the capital cost of the equip-
ment (USD 28,839), showing that fuel costs dominate the TCO equation. Diesel fuel costs
are expected to increase at least in line with inflation over the next 10 years [55]. This
suggests that investment in efficiency technology should yield a worthwhile return.

As may be expected, the capital cost of electrification hardware in the ePOP results (USD
35,255) is higher than that of the hydraulic architecture (USD 28,839), even before the
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amortized cost of engineering a new hybrid architecture is considered. Despite this, the TCO
(USD 154,914) is 16% lower than that reported for hydraulic architecture (USD 183,753).
With increasing electrification in the ePOP Concept analysis (i.e., larger electrical
components and a smaller engine), the initial cost (Figure 14) drops to a minimum at the
4% point, indicating that quite a small battery (7.9 kWh) is sufficient. However, with in-
creasing electrification sizing, the total cost increases, indicating no returns for further up-
sizing of the electrical components. The TCO calculated by ePOP Concept (Figure 15)
shows a similar response to the capital cost in Figure 14. There is still a minimum value at
4%, but the overall result is positive over a wide range, compared to the base vehicle.

5.5. Comparison with Alternative Methods

The ePOP Concept method is intended to fill a perceived gap in the available tools
for powertrain architecture comparisons. It is to be applied at an early stage-gate in the
development process, to determine whether further effort is justified. If so, then more ac-
curate and resource-intensive tools may be deployed for implementation. Therefore, the
accuracy of the method must be good enough for an early gate-stage decision, but need
not be accurate enough for absolute predictions or final system optimization. The alterna-
tive methods reviewed in Section 2 offer some advantages over ePOP Concept, at the ex-
pense of requiring more setup effort and expertise.

1.  The use of engine efficiency maps enables the benefits of operating-point modifica-
tion to be included, whereas ePOP Concept assumes constant efficiency. It also intro-
duces engine-specific BSFC data, which reduces error significantly.

2. The control strategy can be defined, e.g., when to switch off the engine of a hybrid
and run from battery power only.

3. As well as engine data, other component-specific characterization data can be used,
reducing errors, but at the cost of some effort in data collection.

The fuel prediction accuracy of ePOP Concept does not meet the target of £10% ac-
curacy, as 17.0% RMS error was observed in the engine BSFC calculation alone. However,
the sources of the errors appear to have systematic causes that could potentially be ad-
dressed, with modeling improvements that would add very little setup burden, preserv-
ing ePOP Concept’s main advantage. Also, the accuracy can be improved significantly by
simply adjusting the generic engine BSFC adjustment to match the type of engine envis-
aged for the vehicle.

5.6. Future Development Work
Future improvements to ePOP Concept might include the following elements:

e  Scaling algorithms to account automatically for engine scale effects, improving the
generic assumptions for engine BSFC.

e  Simple 1-dimensional engine BSFC modeling to account for load dependency

e  Similar efficiency modeling approaches applied to other components, including in-
verters, e-motors, hydraulics, transmissions and engine accessories.

e  Automatic elimination of infeasible conditions, e.g., electrical or ICE components
tending to zero size.

The results of this study suggest that these improvements may be sufficient to allow
ePOP Concept to meet the +10% target for fuel prediction accuracy.

6. Conclusions

This study set out to answer the question “Can an easily accessible powertrain sim-
ulation tool, requiring minimal setup effort and non-specialist expertise, predict fuel effi-
ciency with sufficient accuracy for early stage-gate decisions in off-highway vehicle
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design?” The “ePOP Concept” analysis method was evaluated using two case studies in-
cluding vehicle test data. The results showed that ePOP Concept could not meet the target
for fuel prediction accuracy in its current form, owing to potential errors in the estimation
of engine BSFC leading to fuel prediction errors of 17% RMS. However, improvements
were identified that could potentially make this possible, while only minimally adding to
the setup effort required, thereby preserving one of the program’s main advantages. In its
current form, the user can reduce the BSFC-related errors to 6.7% RMS during setup,
simply by replacing the program’s generic BSFC value with a custom scalar value specif-
ically for the desired engine type that is readily available for most commercial engines in
the public domain. For future development, simple enhancements to the program’s effi-
ciency models show promising potential for reducing BSFC-related errors further to
around 3.9% RMS, with only minimal additions to the setup effort required. ePOP Con-
cept provides estimates not only of fuel efficiency, but also the cost, weight, and package
implications of multiple alternative powertrain architectures in one simple setup, based
on a single input load case. Commercially available simulation tools were reviewed for
comparison purposes, and the results showed that ePOP Concept could fill a gap among
the available tools by providing an accessible solution, while also providing calculations
of total cost of ownership to support early stage-gate architecture decisions.
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Abbreviations

The following abbreviations are used in this manuscript:

BEV Battery Electric Vehicle.

BMEP Brake Mean Effective Pressure.

BSFC Brake-Specific Fuel Consumption.
BTE Brake Thermal Efficiency.

CAN-BUS Controller Area Network Bus.

CNG Compressed Natural Gas.

CVT Continuously Variable Transmission.
EGR Exhaust Gas Recirculation.

FMEP Friction Mean Effective Pressure.
GaN Gallium Nitride.

GNSSs Global Navigation Satellite System.
HEV Hybrid Electric Vehicle.

HST Hydrostatic Transmission.

ICE Internal Combustion Engine.

IGBT Insulated-Gate Bipolar Transistor.
IMEP Indicated Mean Effective Pressure.
ISFC Indicated Specific Fuel Consumption.

NREL National Renewable Energy Laboratory.
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OEM Original Equipment Manufacturer.
PHEV Plug-in Hybrid Electric Vehicle.
PTO Power Take-Off.
RMS Root Mean Square.
SiC Silicon Carbide.
TCO Total Cost of Ownership.
Appendix A
Data Channels Provided in the Raw Dataset for the Wheel Loader [8].
Parameter Units
time S
Machine_Speed m/s
Machine_Direction -
Diesel_w rad/s
Diesel_TorqueEstimate Nm
Diesel_FuelRate L/h
Diesel_PowerEstimate W
LiftCylinder_x m
LiftCylinder_v m/s
LiftCylinder_pA Pa
LiftCylinder_pB Pa
LiftCylinder_F N
LiftCylinder_Q_A m3/s
LiftCylinder_Q_B md/s
TiltCylinder_x m
TiltCylinder_v m/s
TiltCylinder_pA Pa
TiltCylinder_pB Pa
TiltCylinder_F N
TiltCylinder_Q_A m3/s
TiltCylinder_Q_B m3/s
StabilizerCylinder_x m
StabilizerCylinder_v m/s
StabilizerCylinder_Q_A md/s
StabilizerCylinder_Q_B m3/s
StabilizerCylinder_pA Pa
StabilizerCylinder_pB Pa
StabilizerCylinder_F N
LiftValve_Q_PA m3/s
LiftValve_Q_BT m3/s
LiftValve_Q_PB m3/s
LiftValve_Q_AT m?3/s
TiltValve_Q PA m?3/s
TiltValve_Q BT m3/s
TiltValve_Q PB m?3/s
TiltValve_Q_ AT m3/s
WorkPump_w rad/s
WorkPump_pP Pa
WorkPump_FlowEstimate m3/s
WorkPump_TorqueEstimate Nm
WorkPump_AngleEstimate -
WorkPump_ShaftPowerEst \
WorkPump_HydraulicPowerEst W

WorkPump_ErrorFlag -
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