2013-01-2471

Published 09/24/2013
doi:10.4271/2013-01-2471
saecomveh.saejournals.org

INTERNATIONAL..

Overcoming the Range Limitation of Medium-Duty Battery
Electric Vehicles through the use of Hydrogen Fuel-Cells

Eric Wood, Lijuan Wang, Jeffrey Gonder, and Michael Ulsh
National Renewable Energy Laboratory

ABSTRACT

Battery electric vehicles possess great potential for decreasing lifecycle costs in medium-duty applications, a market
segment currently dominated by internal combustion technology. Characterized by frequent repetition of similar routes and
daily return to a central depot, medium-duty vocations are well positioned to leverage the low operating costs of battery
electric vehicles. Unfortunately, the range limitation of commercially available battery electric vehicles acts as a barrier to
widespread adoption. This paper describes the National Renewable Energy Laboratory's collaboration with the U.S.
Department of Energy and industry partners to analyze the use of small hydrogen fuel-cell stacks to extend the range of
battery electric vehicles as a means of improving utility, and presumably, increasing market adoption. This analysis
employs real-world vocational data and near-term economic assumptions to (1) identify optimal component configurations
for minimizing lifecycle costs, (2) benchmark economic performance relative to both battery electric and conventional
powertrains, and (3) understand how the optimal design and its competitiveness change with respect to duty cycle and
economic climate. It is found that small fuel-cell power units provide extended range at significantly lower capital and
lifecycle costs than additional battery capacity alone. And while fuel-cell range-extended vehicles are not deemed
economically competitive with conventional vehicles given present-day economic conditions, this paper identifies
potential future scenarios where cost equivalency is achieved.

CITATION: Wood, E., Wang, L., Gonder, J., and Ulsh, M., "Overcoming the Range Limitation of Medium-Duty Battery
Electric Vehicles through the use of Hydrogen Fuel-Cells," SAE Int. J. Commer. Veh. 6(2):2013, doi:10.4271/2013-01-2471.

INTRODUCTION BEV and a battery price of $600/kWh, adding range with
batteries alone increases the capital cost of the vehicle by

Battery 'elecjtric vehicles (,BEVS), POSSEsS great. p qtential $600/mi (and this is before accounting for increasing the curb
for decreasing lifecycle costs in medium-duty applications, a weight of the vehicle with additional batteries). With the
market segment currently dominated by internal combustion present-day capital cost of BEVs already significantly higher
technology. Characterized by frequent repetition of similar than CVs, the notion of increasing vehicle range exclusively
routes and daily return to a central depot, medium-duty through electrical energy storage is difficult to justify.
vocations are well positioned to leverage the low operating As an alternative to increasing battery size, the utility of
costs of BEVs. S . BEVs could be improved through the use of an on-board

Unfortunately, the range limitation of commercially generator that produces electricity to supplement the battery
available BEVs acts as a barrier to widespread adoption. pack as it nears depletion. This arrangement could allow the
Unlike conventional vehicles (CVs), BEVs are constrained by vehicle to leverage the low operating costs of grid electricity

long recharge times and a lack of ubiquitous access to public for the majority of miles traveled while having the capability
refueling stations. Consequently, the BEV market is limited to utilize a higher cost fuel for range extension when

to vocations where planned routes will rarely (if ever) exceed necessary.

the fully charged driving range of the vehicle. For this analysis, we will focus on a hydrogen fuel cell as

Overcoming  this range dilemma with batteries alone the range-extending hardware of choice. By employing
proves problematic due to the high capital cost associated hydrogen as a range extending fuel, the vehicle can retain

with electrical energy storage. For example, assuming an zero-emissions capability as well as the potential for
electric consumption rate of 1 kWh/mi for a medium-duty o ; ; 0 ;
peration using 100% renewably ge%&ﬁmeﬁfgl
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we will refer to such a powertrain arrangement as a fuel-cell depleting (CD) battery operation followed by charge
range-extended vehicle (FC-REV). sustaining (CS) operation (where the battery charge is

The design space for a FC-REV quickly becomes sustained at a steady level as in a non-plug-in fuel-cell hybrid
complicated as the merits of battery capacity and fuel-cell electric vehicle, or FC-HEV). The vehicle initially operates in
power are pitted against one another. A singular range CD mode using the battery only and switches to CS mode
requirement could be satisfied using a number of different after the battery reaches a low state of charge (SOC)
hardware configurations ranging from a capital cost intensive, threshold. In the CS phase, the fuel cell supplies the average
battery-dominant design to an operating cost intensive, fuel power needed to propel the vehicle and maintain the SOC.
cell-dominant design. The design space is further expanded This operating philosophy maximizes the use of inexpensive
by considering at what point during the depletion of the off-board electricity, and the driving range is limited only by
battery to engage the fuel cell. While many hardware/ the amount of obtainable hydrogen. However, the
software combinations capable of meeting a given range components must be large (and thus expensive) for the
requirement exist, exploring the design space to identify a vehicle to maintain full performance capability in both CD
cost-optimal solution is a non-trivial task. The following and CS modes.
section outlines a methodology for identifying cost-optimal 4
FC-REV designs given inputs such as duty cycle, component N ) I
costs, and energy costs. Battery SOC

FC On ]
VEHICLE MODELING
a

Modeling Environment

All vehicle modeling done in this analysis was performed —
using the National Renewable Energy Laboratory's (NREL's)
Future = Automotive Systems Technology Simulator Distance or time

(FASTSim) [1]. FASTSim is a vehicle simulation tool ‘

developed by NREL to evaluate the impact of various ‘O T e Y s O |

/]

technologies on vehicle performance, cost, and utility in N Battery SOC ~ ——
conventional and advanced technology powertrains. '\_\ FC On 1
Operating in the Excel/ Visual Basic environment, FASTSim '\j

calculates the power necessary to meet a given speed trace b \\

while considering component limitations, system losses, and N

auxiliary loads. N
The baseline BEV model considered in this analysis was
calibrated to real-world on-road data from a Smith Newton Distance or time'
parcel delivery vehicle using the vehicle attributes and R
component sizes shown in Table 1 [2]. The simulated error in T = e Y e O
electricity consumption between simulation results and real- Battery SOC B —
world data of <2% is used as justification for extrapolating FC On I
this model in parametric studies. c
e
Table 1. Baseline vehicle attributes and component sizes -‘*-h_‘\
used to model the Smith Newton medium-duty BEV. ™.
Parameter Value
Aerodynamic Drag Coefficient | 0.5 2 DEtar; e oTti;:
Fron.tal Arez.l i e Figure 1. Illustrations of the three operating
Rolling Resistance Coefficient 0.008 philosophies considered for control of a FC-REV: (a)
Curb Mass 3540 kg “traditional” SOC depletion of the battery with full
P y
Gross Mass 7500 kg charge sustaining capability at low SOC, (b) blended
Motor Power 120 kW operation with fuel cell inmediately operating at
maximum power, and (c) two-mode strategy with initial
Battery Energy 80 kwh all-electric operation followed by fuel cell blending.
Operatlng PhllOSOphy Figure 1b shows a blended CD operating philosophy. The
Three energy management strategies were considered, as fuel cell turns on at the start and works simultaneously with
shown in Figure 1. Figure la shows the “traditional” charge the battery (even when SOC is high).%eaﬁaﬂeﬁt}é
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operating philosophy is that it enables a lower capital cost
design because a small, continuously operating fuel cell can
satisfy the average drive cycle energy needs with a relatively
low-energy battery simply providing supplemental power
(and capturing regenerative braking energy) as needed.
However, under this philosophy the vehicle's performance
would become restricted when either the battery fully
depletes or the fuel cell exhausts its hydrogen supply.

The operating philosophy in Figure 1c combines the first
two options. The vehicle operates initially in a battery-only
CD mode; then, once the battery has reached a predefined
SOC trigger, a small fuel cell turns on to slow the rate of
depletion for an extended range. This approach provides
some balance: the operation biases toward using inexpensive
off-board electricity when driving ranges are relatively short,
and it only requires daily hydrogen fueling when driving
ranges are long. The battery needs to be large enough for
short-range independent operation, but both it and the fuel
cell could be much smaller and less expensive than would be
required for the “traditional” CD and CS operating
philosophy illustrated in Figure la. Due to these favorable
trade-offs, the compromise operating philosophy illustrated in
Figure lc was selected for the FC-REV modeling and
simulation in FASTSim.

ANALYSIS

Design of Experiments

To fully canvas the design space, a full factorial design of
experiments was performed over a number of different
battery, fuel cell, payload, drive cycle, operating mode, and
SOC trigger combinations (see Table 2). The computational
efficiency of FASTSim enabled the characterization of this
large design space (over 63,000 simulations of 720 vehicle
designs) in approximately 12 hours of simulation time on a
single computer (less than one second per simulation). While
the full experiment was simulated, the results across payload
and drive cycle are aggregated to produce a three-
dimensional design space using battery energy, fuel cell
system maximum power, and SOC trigger (the SOC trigger is
based on usable energy and not total energy).

The astute observer will note that hydrogen storage
capacity was one design variable that was not swept in the
design of experiments. This is a result of the authors'
objective to aim for simultaneous depletion of electrical
energy in the battery and chemical energy in the hydrogen
storage system. To meet this objective, all simulations were
performed with the hydrogen storage mass fixed and the
simulated total vehicle mass varying exclusively as a function
of battery energy and fuel cell maximum power.
Consequently, the hydrogen storage necessary to achieve
simultaneous battery and hydrogen depletion was calculated
during post-processing and used to inform capital cost
calculations for hydrogen storage. The effect of this constant
mass assumption is believed to have minimal impact on
simulation outcomes as the resultant hydrogen mass of the

Full document details: SAE 2013-01-2471

designs considered was on the order of tens of kilograms
while the total vehicle simulation mass was on the order of
thousands of kilograms.

Table 2. Design of experiments matrix encompassing a
number of hardware, software, duty cycle, and payload

configurations.
Parameter Low | High | Step
Battery Energy (kWh) 10 80 10
Fuel Cell Max Power (kW) | 3 30 3
Payload 0% 100% | 10%
Drive Cycles HD UDDS, NYCC,
HTUF4, OC Bus

Operating Mode Mode 1 & Mode 2
SOC Trigger 10% [ 90% | 10%

Evaluation of Vehicle Designs

Upon completion of the design of experiments, capital
cost, operating cost, and net present value (NPV) are
calculated for each vehicle design. These economic outputs
will provide the basis for design evaluation in the subsequent
sections of this document.

In order to calculate capital cost of each FC-REV design,
cost models are employed for the battery, fuel cell system,
and hydrogen storage. The battery cost model assumes a
linear relationship between pack energy and cost with a
coefficient of $388/kWh [3]. Fuel cell system and hydrogen
storage costs are calculated as functions of fuel cell
maximum power and storage capacity according to data from
Strategic Analysis Incorporated (SA) for present day
technology scaled up to 10,000 units/year (see Figure 2) [4].
As a limited number of data points for fuel cell system and
hydrogen storage cost models were available, cost multipliers
are held constant beyond 16 kW of fuel cell power and 4 kg
of hydrogen storage.

Component costs are then marked up by 50% to represent
the price a customer or fleet vehicle purchaser could expect to
pay [5]. Beyond the cost of the battery, fuel cell system, and
hydrogen storage, no other vehicle costs are calculated as
these are assumed to remain constant across all FC-REV
designs (i.e., chassis, electric motor, power electronics, etc.).

The ability of the proposed FC-REV designs to source
energy from a battery and fuel cell makes the calculation of
operating costs more involved. Following simulation, each
vehicle design is assigned a per-mile consumption rate for
electricity and hydrogen in both Mode 1 (prior to fuel cell
engagement) and Mode 2 (following fuel cell engagement).
These consumption rates are then translated to a per-mile cost
in each mode using near-term prices for commercial
electricity and hydrogen of $0.12/kWh [6] and $9.00/kg
respectively (electricity price includes a markup for the
vehicles' on-board charging efficiency, estimated at 85% [7]).
A utility factor is then calculated for each design as the ratio
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of miles achieved in Mode 1 to the total miles achieved in
both modes (see Equation 1).

Day Count
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Figure 3. Medium-duty parcel delivery drive profile data

sourced from NREL's Fleet Testing and Evaluation
team.
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mile cost from each mode is then weighted and summed
using said utility factor to determine a singular per-mile cost
($/mi). This per-mile cost is then multiplied by vehicle miles
traveled (VMT) to calculate single-year fueling costs and
projected forward assuming a vehicle lifetime of 10 years
with future fuel purchases discounted to present day value at
4.1% per year [9]. Annual VMT is calculated by taking
average daily VMT and assuming operation five days/week
(nominally 12,700 miles/year).

Economic assumptions employed in the baseline analysis
are summarized in Table 3.

H2 Storage Capacity, kg

Figure 2. Cost models for fuel cell system and hydrogen
storage. Data points sourced from SA predictions for
near-term technology rollout at 10,000 units per year.

leesmode 1

Utility Factor =

miles +miles

mode 1 mode 2

)

This ratio is calculated using the range achievable in
Mode 1 (from simulation) and a distribution of daily vehicle
miles traveled sourced from NREL's Fleet Testing and
Evaluation Team [8]. Summarized graphically in Figure 3,
this composite dataset contains mileage information from 43
medium-duty parcel delivery vehicles collected over a total of
737 days. All utility factor calculations in this study assume
the vehicle is fully charged exactly once per day.
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Table 3. Summary of assumptions used in baseline
analysis of FC-REV, BEV, and CV powertrains.

Parameter

Baseline Value

Battery Cost

$388/kWh

FC System Cost

SA data @ 10k units/year

H2 Storage Cost

SA data @ 10k units/year

Component Markup 1.5x

Electricity Price $0.12/kWh (includes charger
efficiency of 85%)

Diesel Price $4.00/gallon [10]

Annual Distance 12,700 miles

Vehicle Lifetime 10 years

Discount Rate

4.1%/year
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