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bstract

This paper presents a techno-economic analysis of fuel-cell-based auxiliary power units (APUs), with emphasis on applications in the trucking
ndustry and the military. The APU system is intended to reduce the need for discretionary idling of diesel engines or gas turbines. The analysis
onsiders the options for on-board fuel processing of diesel and compares the two leading fuel cell contenders for automotive APU applications:
roton exchange membrane fuel cell and solid oxide fuel cell. As options for on-board diesel reforming, partial oxidation and auto-thermal reforming
re considered. Finally, using estimated and projected efficiency data, fuel consumption patterns, capital investment, and operating costs of fuel-cell
PUs, an economic evaluation of diesel-based APUs is presented, with emphasis on break-even periods as a function of fuel cost, investment cost,

dling time, and idling efficiency. The analysis shows that within the range of parameters studied, there are many conditions where deployment of
n SOFC-based APU is economically viable. Our analysis indicates that at an APU system cost of $ 100 kW−1, the economic break-even period
s within 1 year for almost the entire range of conditions. At $ 500 kW−1 investment cost, a 2-year break-even period is possible except for the

owest end of the fuel consumption range considered. However, if the APU investment cost is $ 3000 kW−1, break-even would only be possible at
he highest fuel consumption scenarios. For Abram tanks, even at typical land delivered fuel costs, a 2-year break-even period is possible for APU
nvestment costs as high as $ 1100 kW−1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Heavy-duty trucks spend considerable amounts of time
dling. Idling can be classified into two broad categories: non-

iscretionary and discretionary [1]. Non-discretionary idling
ccurs after engine start-up and intermittently in heavy traf-
c. Discretionary idling occurs during loading/unloading and

Abbreviations: ACI, actual cost of idling ($ (unit time)−1); APU, fuel cell
s APU; BEP, break-even period (years); CI, cost of idling ($ (unit time)−1);
E, idling diesel engine; DEIC, diesel engine idling cost ($ year−1); DR, diesel

ate ($ gal−1); FC, fuel consumption (gal (unit time)−1); FCC, fuel cell cost
$ year−1); FCIC, fuel cell investment cost ($); FCRC, annual fuel cell running
ost ($ year−1); GT, gas turbine engine for M1, M1A1 tanks; IFC, idled fuel cost
$ gal−1); IR, investment rate ($ kW−1); IT, idling time (h (unit time)−1); MR,
aintenance rate ($ h−1); RR, fuel-cell APU rating required (kW); TD, average

umber of trucking days in a given unit of time (days (unit time)−1)
∗ Corresponding author. Tel.: +1 734 764 3374; fax: +1 734 763 0459.

E-mail addresses: semant@umich.edu (S. Jain), schwank@umich.edu
J. Schwank).
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uring stand-by periods in rest stops where the idling engine
ainly serves to maintain driver comfort levels. Idling engines

perate low levels of efficiency, suffer considerable tear and
ear, and cause emissions of NOx and particulate matter, along
ith some hydrocarbons, carbon monoxide and carbon dioxide.
he US Department of Energy [2] estimates that annually $ 1
illion worth of diesel fuel is consumed during idling, with an
dditional $ 1 billion spent on increased engine maintenance
osts. The high cost of idling has prompted many of the large
eets to put voluntary restrictions on idling [2]. Truck idling has
ttracted increased attention from local and federal air quality
egulators, and several municipalities, such as the eight-county
ouston, TX area, and New York City are considering regula-

ions limiting truck idling. This has created an impetus to look
or technically and economically viable alternatives to discre-

ionary idling, such as, for example, truck stop electrification,
atteries, or auxiliary power units.

In the present work, we carry out an economic analysis of
he break-even period of using fuel-cell-based APUs to replace
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Nomenclature

gal gallon
h hour(s)
n time period (years)

Greek letters
η efficiency

Subscripts
D day(s)
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ngine idling in long-haul heavy-duty trucks and military vehi-
les. We also consider the technical challenges involved in on-
oard conversion of diesel fuel into hydrogen-rich feed streams
uitable for fuel-cell APUs. A model is developed for evaluating
he break-even period for long-haul trucks and military vehicles
s a function of idling rate, idling efficiency, maintenance cost,
nvestment cost, and fuel cost.

. Background

Power requirements in automotive applications have been
ncreasing over the years, driven by the desires for enhanced
erformance, emission controls, and creature comforts. Exam-
les of such power needs include electrical power steering, direct
uel injection, electrically heated catalyst, electrical water pump,
lectro-magnetic valve train, engine cooling fan, electric AC
ompressor, heated windshields and mirrors, heated and cooled
eats, marker lights, and communication, navigation, and enter-
ainment electronics. For heavy-duty trucks, it is also desirable
o keep the engine heated when the vehicle is parked in cold
limates to facilitate easier starting of the engine. The power
emands for all these features are currently met by idling the
ehicle’s engine.

.1. Alternatives to idling

Rather than trying to change idling patterns via regulation or
ther incentives, technological alternatives to displace idling are
ncreasingly gathering attention. To reduce diesel engine idling
n trucks, several alternative technologies can be considered
1,3]. The vehicle’s battery power presents the first alternative.
owever, prolonged battery use stresses the vehicle’s batteries,

hortening their lives and requiring more frequent replacement.
irect fired heaters (DFHs) are another possibility. These units

upply heat directly from a combustion flame to a small heat
xchanger. Compared to the diesel engine, they use much less
uel for heating the cab/sleeper and/or keeping the engine heated.
owever, DFHs do not provide electric power for accessories
uch as televisions, refrigerators and communication equipment.
oreover, concerns have been raised about safety, retrofitting

osts, reliability, battery drain, noise, and vibration during idling.
lso, thermal storage systems (TSSs) are devices containing
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phase change material that stores thermal energy transferred
rom the vehicle’s engine or air-conditioning when the vehicle is
n operation. TSSs can supply heating or cooling to the sleeper
ompartment while the cab’s temperature is allowed to change.
hese systems can only be used for up to 8 h, do not supply
lectricity, and their effectiveness depends on the duty cycle of
he truck. Finally, auxiliary power units (APUs) are devices nor-

ally consisting of a small internal combustion engine, usually
iesel, equipped with a generator and heat recovery to provide
lectricity and heat. Yet current models are heavy, expensive and
oisy, and will not make a significant difference in emissions.

possible future alternative would be fuel-cell-based APUs,
iscussed in more detail in Sections 2.2 and 3.

In contrast to these on-board auxiliary power units, the truck
top electrification (TSE) arrangement takes an entirely different
pproach. To power the non-propulsion requirements of a truck,
trucker could simply “plug in” the truck to outlets at the truck

top [3]. Yet, this proposal is plagued by the chicken-and-egg
roblem of truckers unwilling to install the necessary equipment
hen there is no place in which to plug it in while truck stop
wners do not wish to install infrastructure when nobody has the
quipment to use it. Currently, for the 458,000 Class—8 trucks
nly ∼210,000 trucks can be simultaneously accommodated in
ruck stops [3]. Discounting trucks that would be out of operation
t a given time, it still means only 47% of the trucks, on an
verage, would be able to park in a designated spot. Further,
ith drivers favoring specific driving times, such as weekday
ights, overcrowding of busy routes is becoming common. On
uch routes, occupancy levels of the truck stops availability have
eached an average of 90% during peak hours. Thus, even if
ll truck stops were fully electrified, it would not completely
lleviate the need for idling. We discuss the cost of setting up
he TSE infrastructure in Section 3.4.

.2. Fuel cells for auxiliary power units

.2.1. Benefits
Fuel cells as APUs have received considerable attention as

hey offer a true mass-market opportunity that does not require
he challenging performance and low cost required for propul-
ion systems for vehicles [3,4]. TIAX [5] reports truck manu-
acturers are looking at fuel-cell APUs seriously as they have
he potential to decrease heavy truck fuel and lubricant con-
umption. This, in turn, would reduce emissions of greenhouse
ases and particulate matter, and decrease the dependency on
on-renewable energy supplies, running cost, and energy use.
ssuming an efficiency of 30% for processing diesel into the

uel for a fuel cell, EPA data indicate, under average driving
nd idling conditions, a 5–19% reduction of NOx emissions
hen using a fuel cell instead of a diesel engine. APUs can also

educe vibration and noise. When heavy-duty trucks are parked
n a truck stop, the improved comfort levels made possible by
PUs can decrease driver fatigue, thus contributing to increased
afety of the driver, vehicle, and highway. APUs can adapt to
ost environments, even arctic climates. They can also serve

s a generator, battery charger, and heat supply. This leads to a
ecrease in engine wear and tear, reduces requirement of logis-
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ics support for vehicles operated in remote areas, and increases
nergy efficiency and payload capacity. In case of truck break-
own, APUs can also act as survival systems in extreme weather
onditions.

APUs are also attractive from a military perspective. Tanks
uch as the Russian T-80 and the US M1 and M1A1 Abrams
re powered by gas turbines [6,7]. While the gas turbine pro-
ides unmatched acceleration, its fuel efficiency may be as low
s 0.3 mpg depending on conditions [6,8]. There are claims
n the literature that for about 3/4th of the Abram’s operat-
ng hours [8,9], the gas turbine is idled to run a ∼5 kW “hotel
oad”—ventilation, lights, cooling, and electronics at less than
% efficiency. Lovins et al. [8] state the delivered cost of fuel
ay be 15 times higher than the wholesale price for fuel exclud-

ng the cost of delivery. The delivered fuel cost could reach $
00 gal−1, accounting not only for the cost of the actual deliv-
red fuel, but also the cost of the fuel consumed during delivery
10].

.2.2. System requirements
Interest in fuel-cell APU applications exists because there

ay be a good fit between APU requirements and fuel cell sys-
em characteristics. To provide the functionality of interest and
o compete with internal combustion engine (ICE) driven APUs,
uel-cell APUs must be capable of using the available fossil-fuel-
ased energy infrastructure [4]. As the small amount of fuel
nvolved in fueling APUs would not justify the establishment
f a specialized infrastructure, e.g., a hydrogen infrastructure,
rucks’ APUs would have to operate on diesel in order to match
he infrastructure available and share on-board fuel tanks with
he main engine. APUs, including the associated fuel-processor,
lso need to be water self-sufficient. Carrying additional water
ould not only be a major inconvenience, it would also require

dditional space and associated equipment. For vehicular appli-
ations, it is critical that APUs (including the fuel processor)
re capable of starting within 10–20 min. They must also be
apable of following loads and reach full power rapidly after
tart-up.

. Fuel cell technology options available

Among the many different types of fuel cells available, only
olid oxide fuel cell (SOFC) and proton exchange membrane
uel cells (PEMFCs) are serious contenders for on-board APUs.

.1. Solid oxide fuel cell

In SOFCs, oxygen ions are the charge carriers in the elec-
rolyte. To achieve reasonable oxygen diffusion rates, high oper-
ting temperatures of 800–1000 ◦C are required [11]. These high
perating temperatures make the performance requirements for
he fuel processor much simpler. SOFCs can use CO along with
ydrogen as fuel, and are less sensitivity to sulfur contaminants,

ypically found in diesel fuel [12]. SOFCs do not require humid-
fication, since the electrolyte is an ion-conducting ceramic.

BMW and Delphi Automotive Systems have developed an
OFC that operates on hydrogen obtained from a gasoline

a
(
a
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eformer built into the APU [13]. While a mechanically driven
enerator requires about 1.5 L (0.4 gal) of fuel to produce 1 kW
1.3 hp) of electricity, Holt [14] indicated the APU can produce
n equivalent amount of power on 46% less gasoline.

On the flip side, due to their high temperature operation,
olid oxide fuel cells have long start-up times, in the range
f 10–30 min. Also, the fuel processor needed for converting
iesel fuel to an SOFC-compatible reformate requires signifi-
ant start-up times. Consequently, thermal management require-
ents would probably favor continuous rather than intermittent

peration. SOFCs are capable of internally reforming natural
as, ethane, and some other fossil fuels for use in the fuel cell
eactions, and can use carbon monoxide as a fuel. SOFCs pro-
uce electricity, water, and carbon dioxide. Brodrick et al. [15]
oted these fuel cells would make high-grade heat available for
abin and water heating which could partially offset the dif-
culties of high temperature operation and stringent thermal
anagement requirements.
Typical SOFC-based APUs have the following key features:

he air for reformer operation and cathode requirements is com-
ressed in a single compressor and then split between the unit
perations. The anode recycle stream provides water for the
eformer, thus decreasing the need for external water supply.
nreacted anode tail gas is recuperated in a tail gas burner, and

he water generated could also be recycled into the reformer.
eformers for transportation fuel based SOFC APUs will be
f the exothermic type; i.e., partial oxidation or auto-thermal
eforming, as no viable steam reformers are available for such
uels [4]. For auto-thermal reforming systems, both oxygen and
team are required. Typical steam/carbon ratios for auto-thermal
eformers are in the range of 1.5–2. For self-contained on-board
eforming of diesel, water can be recycled from the anode of the
OFC. However, the amount of water generated might not be
ufficient to provide the required steam/carbon ratio for coke-
ree operation of typical auto-thermal reforming catalysts.

Reforming catalysts employed currently for partial oxida-
ion of hydrocarbons or methanol vary according to applications
nd operating conditions [16]. From supported noble-metals,
uch as iridium, ruthenium, rhodium, palladium, or platinum,
upported-nickel, pyrochlore-type oxides such as Ln2Ru2O7,
nd perovskite-type oxides such as LaMO3, and Cu–ZnO,
ickel-based catalysts are the most common choice among these
ue to their low cost; however, rapid catalyst deactivation and
oke formation remain major problems in frequent start-up and
hut-down cycles. Though the partial oxidation process has some
roblems with catalyst deactivation and coking, it has the advan-
age of low residence time and smaller reactors [17].

Auto-thermal reforming (ATR) combines endothermic steam
eforming and exothermic partial oxidation reactions. The heat
roduced by the partial oxidation reaction is used in the steam
eforming reaction to generate hydrogen and carbon monoxide.
he reactions can be balanced in such a way that the net energy

equirement is zero [18].

Typical ATR catalysts contain supported group VIII met-

ls. These catalysts effectively convert C1–C12 hydrocarbons
straight chained, branched, saturated, unsaturated, oxygenated
nd aromatic) as well as complex commercial gasolines [19].
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The main focus for developing ATR catalysts will be to
ncrease the thermal stability and mechanical robustness. Other
esired characteristics for ATR catalysts would be resistance
o intermittent operation and cycles at start-up and shut-down,
s well as low light-off temperature and high sulfur tolerance
17,20,21]. Auto-thermal reforming provides a fuel processor
ompromise that operates at lower oxygen to carbon ratios and
ower temperature than the POX. ATR offers the most flexibility
n heat management and, thus, potentially higher efficiency than
OX.

The power requirements for auxiliary power applications
ntail smaller fuel cell stack duties. Heat losses for an SOFC
tack operating at a smaller power duty are a larger proportion
f the gross rating than in a stationary power application. Some
nergy is available in an SOFC system from enthalpy recovery
rom tail gas effluent streams that are typically 400–600 ◦C. Insu-
ation required for specified system skin temperatures require-

ents could conceivably result in large proportion of the total
ystem volume. Integration of the high temperature components
s important in order to reduce the system volume and insulation
equirements. SOFC APU systems will require inexpensive high
erformance insulation materials to decrease system volume and
ost.

Carbon formation is a problem in reforming of hydrocar-
ons [22], and the use of diesel fuels accentuates this issue.
eavier hydrocarbons can form carbon deposits (coking) even

t relatively low temperatures of ∼450 ◦C due to fuel pyrolysis.
everal mechanisms have been proposed in the literature, includ-

ng formation of amorphous flakes and filamentous carbon due
o carbon monoxide decomposition, formation of encapsulating
arbon due to the decomposition of hydrocarbons, and genera-
ion of pyrolytic carbon by thermal cracking of hydrocarbons.
nother major challenge is limiting the sulfur content in the
iesel fuel to about 0.1 ppm to avoid sulfur poisoning of the
eforming catalysts [4,23].

.2. Proton exchange membrane fuel cell

According to Brodrick et al. [15], truck APUs based on PEM
uel cells are attractive since they permit near ambient tempera-
ure operation, thereby facilitating ease of starting and stopping
he system. PEM-fuel-cell-based APUs can be fuelled either by
ure hydrogen or methanol.

One major drawback of PEM fuel cells is that current anode
echnology requires platinum catalysts that are intolerant of even
races of CO and sulfur [4]. When hydrogen gas is produced from
asoline or diesel in a reformer, it is accompanied by significant
evels of carbon monoxide, which must be removed prior to feed-
ng the hydrogen into the fuel cell stack. A typical gasoline or
iesel fuel processing system would require not only a reformer
either exothermic or endothermic overall, ∼850–1000 ◦C), but
lso shift reactors (exothermic, 150–500 ◦C), and CO-cleanup
ystems (primarily exothermic, 50–200 ◦C), prior to feeding

ure hydrogen into the PEM fuel cell stack (exothermic, 80 ◦C).
ach reaction zone operates at a significantly different temper-
ture thus providing a challenge for system integration and heat
ejection. To alleviate some of these drawbacks, and further
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educe the cost of the PEMFC systems, developers are investigat-
ng the possibility of using higher temperature membranes; e.g.,
perating slightly above 100 ◦C. This would increase the carbon
onoxide tolerance of the anode catalysts, potentially simpli-

ying the fuel processor design, and simplify the heat rejection.
onsequently, fuel processors for PEM fuel cells are rather com-
lex, making on-board deployment difficult.

Recently, the U.S. Department of Energy has made a no-go
ecision on further funding of on-board fuel processor develop-
ent for PEM fuel cells. Therefore, deployment of PEM-based
PUs would most likely necessitate carrying a supply of pure
ydrogen on-board of the vehicle, along with the development
f a hydrogen-refueling infrastructure. A further complication
s that the PEM stack operating temperature and its humidity
equirements require a water management system for hydrating
he electrolyte. For on-board APUs the need for external sources
f water should be minimized [24].

.3. Systems configuration and technology issues

If we impose the constraint of using only the primary propul-
ion fuel as hydrogen source, SOFCs are more attractive than
EMFCs. Since the SOFC stack operates at high temperatures
nd is capable of utilizing carbon monoxide and certain hydro-
arbons as fuel, the reformer design is simple. However, on
ccount of high exhaust temperatures, expensive high temper-
ture recuperators are required to maintain system efficiency.
OFC APUs will consist of a fuel processor, a stack system,
nd balance of plant components including start-up batteries.
esides being used to supply start-up current for the primary
ngine, batteries are also used to store current to power the elec-
rical accessories. However, an APU would decrease the reliance
n the battery for powering up the accessories. In addition to the
rimary propulsion motor, an APU can also act as a secondary
ource for recharging the battery. Thus, the current instances of
“dead battery” could be easily avoided.

In order to minimize system volume, associated system
eight, and start-up time, integration of the system compo-
ents is a key design issue. If anode tail gas were recycled to
rovide steam, the water management system could be simpli-
ed, although a hot gas recirculation system would be required.
urthermore, system design could be simplified further if a
ulfur-free fuel were used or if the fuel cell were sulfur tolerant.

.4. Micro-grids

Interesting possibilities arise when one attempts to interface
n-board APUs with stationary power sources. One instance
ould be the hundreds of long-haul trucks entering and exiting
ajor warehouses, shipping docks, factories, etc. With APUs on-

oard every vehicle, they can easily be tapped as power sources.
uite often, trucks are waiting for several hours to enter a ware-
ouse, be unloaded, and then be loaded again. During this time,

urrently the trucks idle their engines. This serves two purposes:
roviding electricity to power up the accessories, and keeping
he engine warm in cold climates. However, both these needs are
asily satisfied with a fuel-cell APU on-board. In cases where
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Table 1
Fuel consumption rate data available in literature

Serial number Description Fuel consumption
rate (gal h−1)

1 No accessories, 800 rpm 0.60
2 Year 2000 Argosy tractor,

without accessories
1.00

3 Year 2000 Argosy tractor,
1050 rpm, accessories

1.40

4 Accessories (30 bhp), 2.25
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of eliminated idling would result in a savings of $ 0.07 each in
lubricant changes and engine overhauls per truck.

However, the TMC conclusions based on the potential sav-
ings on account of idling are valid only if a truck idles for

Table 2
Estimating the average efficiency of a diesel-based fuel-cell APU

Serial number Description Efficiency (%)

1 A complete FCV with on-board
conversion

30

2 Average fuel cell efficiency in 2001 15
3 Average fuel cell efficiency expected

until 2003
19

4 Average fuel cell efficiency expected 23
78 S. Jain et al. / Journal of Po

here is surplus APU electric generation capacity, it raises the
uestion whether it would make sense to interface the APU with
he stationary grid, or micro-grids, as an alternative to current
oncepts of truck stop electrification (TSE). In this scenario, the
SE infrastructure could also be modified to provide electric
ower to parked trucks, but would also be able to accept power
rom fuel-cell APU equipped trucks. A similar approach could
e taken using this concept in a warehouse. There, instead of
aving the diesel engine idle, the trucks entering and leaving
ould have their APUs running and supplying the excess power
o the building. These electric sources can be utilized to sup-
ly energy to micro-grids powering parking lot lights, general
llumination, and ventilation systems.

A back of the envelope calculation on the economics of
tilizing APU power of trucks for partially powering a TSE
nfrastructure reveals that if the energy from the electric utility
ervice is assumed to cost $ 0.07 kW h−1, then a 5 kW h require-
ent per truck idling for ∼1600 h year−1 would translate into
saving of $ 56,000 year−1 realized in a TSE for 100 trucks.
his saving pales in comparison to the estimated $ 1,000,000

equired to provide the TSE infrastructure for 100 trucks [25].
An annual saving rate of ∼5.6%, makes conventional TSE

ystems and even modified TSE systems accepting power from
uel-cell APUs appear uneconomical, primarily due to the high
nfrastructure investment required. The benefits of reduced lev-
ls of noise and emissions would be critical in winning the
upport of local communities permitting trucks stops in their
idst [25]. However, the same benefits can be had at much lower

ost by simply equipping trucks with on-board APUs, without
oing through an elaborate TSE infrastructure build-up. Further-
ore, truck-mounted APUs provide more flexibility for a driver

o park the vehicle overnight, compared to the limited number
f potential TSEs.

. Economic analysis

.1. Commercial trucks

.1.1. Idling rate
Although the amount of idling is not well known, it appears

o be significant for large long-haul heavy-duty diesel trucks
Classes 7 and 8). According to Argonne National Laboratory
stimates [2,3], many of the 458,000 long-haul trucks in the
S that travel more than 500 miles from home base each day

ould idle somewhere between 3.3 and 16.5 h day−1. Table 1
hows the different scenarios, which affect the hourly idling
uel consumption rate.

Different companies and studies have observed the average
dle time per truck observed as 40, 44, and 50%. Following
iscussions with three long-haul fleets doing intra-state deliver-
es of bulk products, Brodrick et al. [15] estimated 10% of the
otal idling time to be non-discretionary idling. Further, since
uch idling cannot be eliminated by fuel-cell APUs, it should be

emoved from analysis. Although the actual percentage of non-
iscretionary idling depends on truck, route, traffic conditions,
nd delivery location, they considered 40% to be a representative
veraged figure. The average idle time used by Argonne National

5
6

1200 rpm

onclusion: range to be studied: 0.6–2.25 gal h−1.

ab of 6 h day−1 for 303 days year−1 for long haul sleep trucks
s consistent with values of 40% indicated by J B Hunt, 44% by a
0-truck fleet of Freightliner LLC, and 47% of the one-third fleet
f Tennessee [3,15]. According to American Trucking Asso-
iation’s (ATA’s) Truck Maintenance Council (TMC), 52% of
heir member fleets had a policy to reduce idling [26]. However,
maller fleets, having fewer than 25 vehicles, which constitute
0% of the long-haul truck industry, were less likely to have
hese programs [3].

.1.2. Idling efficiency
The idling efficiency of a diesel engine is typically around

–11% [1,27]. For purposes of a conservative estimate of the
reak-even period we assume it to be 11%. For fuel-cell APUs,
fficiency values ranging from 15% to slightly over 40% have
een reported in the literatures [1,27,28]. As Lawrence and
oltze [28] state, 30% fuel efficiency with respect to LHV of
iesel is realistic, and for the current analysis we select this value.
hese values have been compiled in Table 2.

.1.3. Maintenance cost
In addition to fuel costs, engine idling results in increased

aintenance costs associated with substantial wear to the engine.
MC [29] estimated idling for only 1 h day−1 for a year results

n the equivalent of 6400 miles of engine wear. Using TMC’s
ethod, Argonne National Laboratory [3] concluded each hour
until 2010
PEMFC goals [ADL (2000)] 35–40
For estimation purposes, efficiency
was assumed as

30
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Table 3
Estimating the maintenance cost per truck per hour idled from data available in
literature

Serial number Description Value

Part 1. Estimating the idling time basis
1 Annual idling fuel cost for the

trucking industry
$ 1.17 billiona

2 Number of trucks 458,000
3 Idling cost per engine $ 2555
4 Average annual travel days/truck 303
5 Idling cost/truck/day $ 8.4
6 Cost of fuel taken in the study $ 1.03 gal−1a

7 Idle time/truck/day 8.2∼8 h

Part 2. Estimating the maintenance cost
1 Annual maintenance cost for the

trucking industry
$ 1.00 billiona

2 Annual maintenance cost per truck $ 2183
3 Daily maintenance cost per truck $ 7.21
4 Average daily idling duration (Part 1) 8 h
5 Maintenance cost/truck/idling hour $ 0.90b
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Table 4
Investment cost data available in literature

Serial
number

Description Investment cost
($ kW−1)

1 Fuel cell factory cost (500,000 units year−1 at 50 kW)
(a) Year 2000 estimate 294
(b) Year 2000 goal 130
(c) Year 2004 goal 50

2 Direct hydrogen-fuelled PEM fuel cell (high production)
(a) 3 kW system 435
(b) 5 kW system 240

3 Direct hydrogen-fuelled PEM fuel
cell (Low production, hand-built
prototypes)

1000–3000

4 Gasoline fueled POX reformer
(5 kW SOFC APU at

350–550
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DoE data.
b This analysis assumed the maintenance cost would be linearly proportional

o the idling time.

h day−1 for an year. On the other hand, Brodrick et al. [15]
ssume an idling of 8 h in their analysis. DoE [2,3] assuming
h idling day−1, estimated the idling cost for the trucking indus-

ry as $ 1.17 billion. We believe as the idling period increases
o ∼8 h day−1, an overall maintenance value of $ 0.9 h−1 would
e more accurate as it is based on a similar idling period. The
anner in which we reach at this value is shown in Table 3.
Although fuel-cell APUs would drastically reduce the need

or engine idling, the use of an APU may cause more frequent
ngine start and stop operations resulting in greater engine wear.
he maintenance cost savings by the APU will be the difference
etween cost savings due to reduced idling and the cost of excess
ear caused by increased stops and starts. Brodrick et al. [15]

ndicated there was inadequate data on these costs to estimate the
et impact on operating costs from this factor. It must be noted
hat fuel-cell APUs are being proposed for a very cost sensi-
ive market where high reliability and durability greater than
5,000 h would be required [30]. However, on account of insuf-
cient quantitative data on the potential costs of frequent engine
tart-stop operations, incorporating these factors is beyond the
cope of this paper.

.1.4. Investment cost
At this point, fuel-cell APUs are still in their early commer-

ialization stage and it is difficult to predict how the production
olumes will change in the foreseeable future. Consequently, as
ith any technology in its early stages, potential costs of fuel-

ell APUs are speculative.
For PEM fuel cell system production in the range of

0,000 units year−1, studies [1,31] have indicated costs in the

ange of $ 40–200 kW−1 for 50 kW systems. Although these
stimates include the costs of fuel cell stack, auxiliary systems,
ower, and control electronics, they do not include the fuel
rocessor and/or hydrogen storage system costs. On account

4

2

500,000 units year−1)

onclusion: range to be studied: $ 100–3000 kW−1.

f the higher burden of the “balance of system” components,
or smaller systems, production costs of direct hydrogen-fuelled
EM fuel cell systems tend to be higher. Cost of a 3 kW sys-

em has been estimated as $ 435 kW−1 and a 5 kW system as $
40 kW−1 [1]. For lower volume production systems, the hand-
uilt prototypes are estimated to cost $ 1000–3000 kW−1 [1].
nce automated production begins, these costs are likely to drop.
On the other hand, for complete solid oxide fuel cell sys-

ems, figures varying by 250% have been quoted. While in PEM
uel cells, expensive platinum or platinum/ruthenium electrode
atalysts are needed, SOFCs can utilize inexpensive nickel or
opper based catalysts. Even then, companies like Westinghouse
ave targeted $ 1000 kW−1 [32] for a complete cell cogeneration
ystems based on tubular cell construction; while proponents of
tacked planar cell configuration target costs as $ 400 kW−1. The
ational Energy Technology Laboratory, with private industry
artners, is targeting $ 400 kW−1 as the cost of the Solid State
nergy Conversion Alliance (SECA) SOFC APUs [33]. Table 4
ives an overview of the expected investment rate. SOFCs use a
impler system configuration and, unlike PEMFCs, their stacks
o not contain the high-cost precious metals. However, SOFC
lectrode and electrolyte plates involve a more complex manu-
acturing process and have a lower power density. EG&G [4]
eport that although plant costs are lower on account of the
impler reformer, they are partially offset by the cost of the recu-
erating heat exchangers. An NETL sponsored study to analyze
he financial viability of SOFCs in APU applications operated on
asoline concluded that, while the manufacturing cost for such
ystems could be close to comparable PEM systems, SOFC sys-
ems are likely to provide somewhat higher system efficiency [4].
ssuming the typical non-propulsion requirement to be around
kW, we believe that a fuel-cell APU would be introduced for
eavy-duty trucks as this segment has the capacity to absorb
igher per kilowatt fuel cell costs due to the likelihood of sig-
ificant fuel cost savings.
.1.5. Fuel costs
While the post-tax fuel cost data available for the 1990s and

000 indicate the diesel cost range as $ 1.02–1.72 gal−1, data
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Table 5
Estimation of fuel consumption during idling

Serial number Idle time Fuel consumption (gal year−1)

h day−1 h year−1 0.60 gal h−1 1.00 gal h−1 1.50 gal h−1 2.00 gal h−1 2.25 gal h−1

1 3.3 1000 600 1000 1500 2000 2250
2 6.0 1818 1091 1818 2727 3636 4091
3 2
4 3
5 5
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Extending the analysis done for heavy-duty trucks into gas-
turbine powered, armored military vehicles, this section explains
the manner in which we carried out an analysis for M1 and M1A1
9.0 2727 1636
12.0 3636 2182
16.5 5000 3000

34] from the period of 20 January 2004 to 11 July 2005 saw the
ationally averaged diesel price increasing to $ 2.392 gal−1—an
ncrease of 64.8% in just 1 year. On 11 July 2005, the national
verage was $ 2.408 gal−1 and in CA as high as $ 2.589 gal−1

34]. Diesel retail prices reflect the trading price of light crude
il [35] and Brent crude oil [36]. Thus, for economic analysis
n this paper, to encompass the effect of varying fuel prices, we
ave used a range of $ 0.6–2.5 gal−1.

.2. Economic analysis: heavy-duty trucks

.2.1. Analysis
If the current non-discretionary idling is completely elimi-

ated, at no extra costs, the savings in fuel that would incur are
eflected in Table 5. However, these savings are somewhat offset
hen the investment cost of the diesel APU is included. Assum-

ng that a typical APU would be a 5 kW unit, our analysis for a
ingle, heavy-duty long-haul truck used the following formulae.

For annual idling time, in hours, the time is a product of the
ours idled per day and the days a truck is in operation in a year:

TY = ITD TDY (4)

nnual amount of fuel consumed, in gallons, during idling in 1
ear depends on the amount of fuel consumed in an hour and
he hours idled in 1 year:

CY = FCH ITY (5)

nnual cost of fuel consumed on idling is a product of the diesel
ate, $ gal−1, and the amount of fuel consumed in idling:

FCY = DR FCY (6)

nnual maintenance cost of a diesel engine is proportional to
he maintenance rate per hour and the idling time:

CY = MR ITY (7)

otal cost of idling a diesel engine is the sum spent on the fuel
or idling and the associated maintenance cost:

EICY = IFCY + MCY (8)

ctual cost of idling, accounting for diesel engine inefficiency:

CIY = DEICYηDE (9)
otal fuel-cell APU investment cost is dependent on the invest-
ent rate per kilowatt and the APU rating required:

CIC = IR RR (10)

F
(
–
o

727 4091 5454 6136
636 5454 7272 8181
000 7499 9999 11249

uel-cell APU running cost, based on the analysis for diesel
ngines, with the APU efficiency:

CRCY = ACIY

ηAPU
(11)

otal cost of running a fuel cell is the sum of the investment cost
nd the running cost:

CCY = FCIC + FCRCYn (12)

reak-even period, in years, of a fuel-cell APU would be when
he cost of diesel engine idling equals the investment and running
ost of a fuel cell:

EP = ηAPU

ηAPU − ηDE

FCIC

IFCY + MCY
(13)

Based on these formulas, Fig. 1 captures the impact of invest-
ent cost, idling consumption per hour, and hours idled per day

n the break-even period. Fig. 2 shows the break-even period as
function of idling time per day and two different investment

osts with two fuel costs.

.3. Economic analysis: Abram tanks
ig. 1. Break-even period (BEP) (years) as a function of the investment rate
$ kW−1) when the diesel costs $ 2 gal−1. At two idling fuel consumption rates
1 and 2.25 gal h−1 – the graph examines the effect on BEP through the range

f hours idled per day.
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Fig. 2. Break-even period (years) as a function of the idling time (h day−1)
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Table 6
Potential savings by prevention of idling in M1 and M1A1 Abram tanks

Serial
number

Parameter Unit Quantity

1 Non-discretionary idling h year−1 98
2 Gas turbine while idling

(a) Fuel consumption gal h−1 12
(b) Efficiency % 1
(c) Maintenance cost $ (idling h)−1 0.90
(d) Maintenance cost $ year−1 88.2

3 Fuel-cell APU
(a) Fuel consumption gal h−1 12
(b) Efficiency % 30
(c) Fuel consumption gal h−1 0.4

4 Projected fuel savings
(a) Currently fuel spent on idling gal year−1 1176
(b) Projected fuel spent on idling gal year−1 39.2
(c) Potential savings gal year−1 1136.8
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hen the fuel consumption rate is 1 gal h−1. At two investment rates – $ 500
nd 1000 kW−1 – as parameters, the graph shows the BEP through the range of
uel cost—$ 1 to 2.5 gal−1.

bram tanks. Lovins et al. [8] report that according to a brief
o the Defense Science Board Task Force in August 2000, the

1A1 tank idles at 12 gal h−1. The fuel consumption rate of an
PU to be used instead of the gas turbine engine idling would
e around 0.5 gal h−1. This indicates that the fuel consumption
f the APU being considered is 24 times less than that of the
as turbine engine idling. Since gas turbines are optimized for
igh acceleration, they tend to be extremely inefficient when
dling. Replacing a gas turbine idling at 1% efficiency with an
PU would bring the efficiency of the APU to 24% (due to the
4-fold decrease in fuel consumption)—very close to the 30%
uel-cell APU efficiency used in this paper.

While some data is available for the idling fuel consumption
ate of gas turbines, no data could be found for the impact of
dling on the maintenance costs of a gas turbine. When com-
ared to the heavy-duty truck, the gas turbine engine is not only
equired to carry a heavier load, under more severe conditions,
ut also may idle for a larger fraction of its operation time and
s more sensitive to dust. When the idling efficiency of a truck
s compared to that of the gas turbine, it is clear that the gas
urbine is about 10 times less efficient. Thus, all these factors
ead us to believe that if an APU replaced an idling gas turbine
ngine, the savings on the maintenance cost would be signifi-
ant. Unfortunately, unlike maintenance data for idling of fuel
ells, no data could be found for tanks. Thus, in the present sit-
ation, since the maintenance cost for idling a tank would be at
east that of a truck, this value would be a conservative choice
nd the actual break-even period so computed is estimated to
ive an upper estimate of the actual period. Thus, based on the
ata presented in Table 6 on the idling and maintenance cost
f a gas turbine engine, the break-even period can be estimated
sing the following formula:

ηAPU FCIC

EP =

ηAPU − ηGT IFCY
(14)

EP = 30

29

FCIC

98DR
(15)

t
c
t
o

ig. 3. Break-even period (months) as a function of the actual delivered cost of
uel ($ gal−1) for a 5-kW APU to be mounted on M1 and M1A1 Abram tanks.
he parameter is the investment rate ($ kW−1).

Fig. 3 captures the effect of investment cost and delivered
ost of fuel on the break-even period for M1 and M1A1 tanks.

. Results

.1.1. Approach validation with direct hydrogen fuel cell
esult

To validate our approach and assumptions while estimating
he break-even period for a fuel-cell APU equipped with on-
oard diesel reformers, we compared the result to a direct hydro-
en fuel cell [15] drawing hydrogen from a storage tank under
dentical conditions: $ 2000 kW−1 investment cost, 1 gal h−1

uel consumption costing $ 1.51 gal−1 and 8 h idling day−1 for
03 days year−1. While the analysis of Brodrick et al. [15] for

he estimated value for a hydrogen fuel cell included the fuel
ell stack, auxiliary systems, and power and control electronics,
hey did not include the hydrogen storage system. As our value
f 4.31 years break-even period for a diesel-powered fuel-cell
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Table 7
Sample break-even estimates at $ 500 kW−1 when fuel costs $ 1.5 gal−1

Serial number Idle time Pay back time (year)

h day−1 h year−1 0.60 gal h−1 a 1.00 gal h−1 a 1.50 gal h−1 a 2.00 gal h−1 a 2.25 gal h−1 a

1 3.3 1000 4.39 2.63 1.75 1.32 1.17
2 6.0 1818 2.41 1.45 0.97 0.72 0.64
3 9.0 2727 1.61 0.97 0.64 0.48 0.43
4 12.0 3636 1.21 0.72 0.48 0.36 0.32
5 0.5
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16.5 5000 0.88

a Fuel consumption rate.

PU compares well with the direct hydrogen fuel cell period of
.2 years, it validates our assumptions and overall approach.

Although based on our calculations in Table 3, the main-
enance cost for idling 8 h day−1 should be $ 0.90 h−1, for the
urpose of validating our approach, we used the same total main-
enance cost as used by Brodrick et al. [15]; i.e., $ 0.14 per hour
f idling.

.2. Fuel-cell APU break-even analysis

In order to carry out a break-even analysis for a fuel-cell
PU, investment cost, consumption rate, and maintenance costs

re some of the key required parameters. However, at present,
here are no clear estimates of these parameters in the literature.
he cost of fuel itself is highly dependent on global prices and

he local tax regime. All these factors tend to make the analysis
ore complex. Thus, we look at the whole range of parameters

nd come up with cut-offs: sets of conditions making economic
ense. Our analysis explored the range of:

. Investment costs from $ 100 to 3000 kW−1 at discrete values
of $ 100, 500, 1000, and 3000 kW−1.

. Cost of diesel fuel from $ 1.0 to 2.5 gal−1 at discrete values
of $ 1.0, 1.5, 2.0, and 2.5 gal−1.

. Fuel consumption rate from 0.6 to 2.25 gal h−1 at discrete
values of 0.6, 1.0, 1.5, 2.0, and 2.25 gal h−1.

. Idling time from 3.3 to 16.5 h day−1 at discrete values of 3.3,
6.0, 9.0, 12.0, and 16.5 h day−1.

.3. Economic analysis trends

Since the typical warranty period of a heavy-duty truck is 4
ears, truckers, especially those owning smaller fleets, are not
ikely to be interested in a technology having a break-even period
f greater than 2 years. Thus, the following cut-off conditions
merge:

. At an investment cost of $ 3000 kW−1, break-even is
observed only at the extreme higher end of the fuel con-
sumption and idling rates, e.g., if the fuel costs $ 2.0 gal−1,
the break-even period makes the cut-off only when fuel con-

sumption exceeds 2.0 gal h−1 and the idling time is greater
than 9 h day−1.

. When the investment cost comes down to $ 1000 kW−1, with
fuel consumption 1.5 gal h−1 or more, with 6 h day−1 or more

w
f
d
t

3 0.35 0.26 0.23

idling per day, investing into an APU makes sense for the
entire range of fuel costs.

. At $ 500 kW−1 investment rate, barring the lowest end of the
range, i.e., fuel consumption 1 gal h−1 or less and idling less
than 6 h day−1, all other conditions make sense.

. If the investment rate falls to $ 100 kW−1, not only do all
combinations make the 2-year cut-off, the break-even is well
within 1 year for almost the entire range of fuel cost, idling
per day, and fuel consumption per idling hour.

o illustrate our approach, a sample break-even period estima-
ion has been shown in Table 7.

Fig. 1 shows the break-even period as a function of the invest-
ent cost ($ kW−1) for a 5-kW APU at two fuel consumption

ates: 1 and 2.25 gal h−1 when fuel costs $ 2 gal−1. The trends
over the whole idling range from 3.3 to 16.5 h day−1. The graph
hows that when the idling rate is 3.3 h day−1, to make the 2-
ear break-even window, the investment cost would have to be
etween $ 500 and 1200 kW−1. On the other hand, when the
dling rate goes up to 16.5 h day−1, at the lowest fuel consump-
ion rate during idling of 1 gal h−1, the break-even period is
ttained at $ 2500 kW−1. When the idling fuel consumption
ate goes up to 2.25 gal h−1, even at the highest investment
ost considered – $ 3000 kW−1 – it is possible to break-even
n about 1 year. Thus, this graph reveals that the maximum
nvestment cost that can be sustained – with the required break-
ven period still met – is heavily dependent on the fuel con-
umed per hour during idling and the engine idling duration in
day.

The next graph, Fig. 2, captures the effect of idling rate on
he break-even period. This graph is based on a 1 gal h−1 fuel
onsumption rate which, besides being one of the most com-
only used values for analysis, falls in the middle of the fuel

onsumption range under consideration. Investment rates cho-
en – $ 500 and 1000 kW−1 – reflect the investment cost at the
ower and medium end of the range analyzed. When the fuel
ost is $ 1 gal−1, at a consumption rate of 1 gal h−1, and invest-
ent rate is $ 1000 kW−1, the break-even period is not attained

ven at the maximum level of idling per day considered in this
tudy. When the investment cost is halved, to $ 500 kW−1, at
he same fuel cost, for break-even to be attained, the engine

ould have to be idling for at least 6.5 h day−1. With prices of

uel at historic highs, and with no indication that the prices will
ecrease anytime soon, the graph also projects the trends when
he fuel costs $ 2.5 gal−1. At this price, when the investment
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ate is $ 1000 kW−1, the engine would have to be idling at about
h day−1. In case the investment rate drops to $ 500 kW−1, the
reak-even period is met well at idling rates even lower than the
inimum amount of 3 h day−1 taken in this study.
Now, we extend the above analysis for M1 and M1A1 Abram

anks. Unlike heavy-duty trucks on account of insurance poli-
ies, requiring a 2-year break-even for any new technology,
ilitary vehicles are not subject to such strict time limits. How-

ver, compared to commercial vehicles, on account of higher
uel delivery costs, break-even is possible even at higher invest-
ent rates. The final graph, Fig. 3, shows the effect of the actual

elivered cost of fuel on the break-even period for M1 and M1A1
bram tanks. Investment rate through a $ 100–3000 kW−1 range
as been used a parameter. From the graph it becomes clear, that
ven at typical land delivered costs – $ 30 gal−1 – the 5 kW APU
reaks even within 2 years at about $ 1100 kW−1 investment rate.
t higher delivered rates, the APU breaks even inspite of higher

nvestment rates.

. Conclusions

Reliable, efficient, and quiet APUs might become the first
ajor automotive application of fuel cells due to their poten-

ial for significant environmental and economic benefits and
elative affordability. SOFC APUs are an attractive, efficient,
lean source of power for transportation, military, and station-
ry applications. Furthermore, the economic analysis presented
bove shows that fuel-cell APUs can be cost competitive with
he existing diesel engines for fulfilling non-propulsion power
equirements.

To achieve the 2-year economic breakeven period required
or small fleet owners, the most critical parameter is the invest-
ent cost of the APU system. Current investment costs are

ighly dependent on cost of manufacturing of fuel cells and
uel processors. To gradually bring down manufacturing costs,
he APU application for fuel cells could potentially combine
ith demand from other small and medium-sized fuel cell mar-
et segments. Examples of such segments include light-duty
ehicles, buses and delivery vehicles, commercial and resi-
ential stand-alone and backup power systems. Our analysis
ndicates that there are large ranges of operating conditions
nd fuel costs where APU systems would be economical. In
articular, SOFC-based APUs, thanks to their simpler fuel pro-
essing requirements, have the potential to meet the allow-
ble cost targets, provided successful demonstrations prove the
echnology.

eferences

[1] C.J. Brodrick, T.E. Lipman, M. Farscchi, N.P. Lutsey, H.A. Dwyer, D. Sper-
ling, S.W. Gouse, D.B. Harris, F.G. King, Evaluation of fuel cell auxiliary
power units for heavy-duty diesel trucks, Transport. Res. Part D 7 (2002)
303–315.
[2] DoE, Don’t idle your profits away, Office of Heavy Vehicle Transportation
Brochure, Department of Energy, Washington, DC, 1999.

[3] F. Stodolsky, L. Gaines, A. Vyas, Analysis of Technology Options to
Reduce the Fuel Consumption of Idling Trucks, Argonne National Lab-
oratory, Argonne, IL, 2000, ANL/ESD-43.

[

urces 160 (2006) 474–484 483

[4] Fuel Cell Handbook, EG&G Services Parsons Inc., S.A.I.C., Office
of Fossil Energy, National Energy Technology Laboratory, WV, 2000.
http://216.51.18.283/fhandbook.pdf.

[5] A.P. TIAX LLC, Cambridge, MA, Assessment of fuel cells as auxiliary
power systems for transportation vehicles, In: Hydrogen and Fuel Cells
Merit Review Meeting, Berkeley, CA, 2003.

[6] C.E. Meyer, Diesel tank engines, G2mil—Warfare Research Portal (2005),
Summer 2005. http://www.g2mil.com/abramsdiesel.htm.

[7] Wikipedia, Tanks—gas turbines, Wikipedia—the free encylopedia, 2005.
http://en.wikipedia.org/wiki/Tanks#Gas turbines.

[8] A.B. Lovins, E.K. Datta, O.E. Bustnes, J.G. Koomey, N.J. Glas-
gow, Winning the Oil Endgame, Rocky Mountain Institute, CO, 2005,
http://www.oilendgame.com.

[9] IAGS, Fueling Coalition Forces in the Desert, Institute for the Analysis of
Global Security, Washington, DC, 2003.

10] K. Buchholz, K. Jost, Military wants quiet power, improved efficiency,
global vehicles, AEI (2003).

11] C.I. Sandrine, Solid oxide fuel cells—ready to market? Fuel Cell Today,
January 7, 2004.

12] J. Zizelman, S. Shaffer, S. Mukerjee, Solid oxide fuel cell auxiliary power
unit—a development update, SAE Technical Paper Ser. 4–7 (2002).

13] C. Severin, S. Pischinger, J. Ogrzewalla, Compact gasoline fuel pro-
cessor for passenger vehicle APU, J. Power Sources 145 (2005) 675–
682.

14] D.E. Holt, Auxiliary power units, Serv. Tech. Mag. (2001).
15] C.J. Brodrick, T. Lipman, M. Farscchi, A.A. Dwyer, S.W. Gouse III,

D.B. Harris, F.G. King Jr., Potential Benefits of Utilizing Fuel Cell
Auxiliary Power Units in Lieu of Heavy-Duty Truck Engine Idling,
Institute of Transportation Studies, University of California Davis,
2001.

16] L. Pino, Catalytic partial-oxidation of methane on a ceria-supported plat-
inum catalyst for application in fuel cell electric vehicles, Appl. Catal. A
225 (2002) 63–75.

17] D.L. Trimm, Onboard fuel conversion for hydrogen fuel cell driven vehi-
cles, Catal. Rev. 43 (2001) 31–84.

18] L. Carrette, Fuel cells—fundamentals and applications, Fuel Cells 1 (2001)
1–39.

19] J. Larminie, A. Dicks, Fuel Cell Systems Explained, vol. 2, John Wiley &
Sons, Chichester, West Sussex, England, 2003.

20] A.F. Ghenciu, Review of fuel processing catalysts for hydrogen production
in PEM fuel cell systems, Curr. Opin. Solid State Mater. Sci. 6 (2002)
389–399.

21] Q. Ming, Steam reforming of hydrocarbon fuels, Catal. Today 77 (2002)
51–64.

22] A. Sacco Jr., F.W.A.H. Geurts, G.A. Jablonski, S. Lee, R.A. Gately,
Carbon deposition and filament growth on Fe, Co, and Ni foils using
CH4 H2 H2O CO CO2 gas mixtures, J. Catal. 119 (1989) 322–
341.

23] C. Pereira, J.-M. Bae, S. Ahmed, M. Krumpelt, Liquid fuel reformer
development: auto-thermal reforming of diesel fuel, US DoE 2000
Hydrogen Program Technical Review, San Ramon, CA, Argonne
National Laboratory, University of Chicago, DoE, NREL/CP-570-
28890, 2000. http://fuelreformer.sirti.org/docs/1D560936-C04F-791A-
3C432863CA4D61A2.pdf.

24] F. Baratto, U.M. Diwekar, D. Manca, Impacts assessment and trade-offs of
fuel cell-based auxiliary power units. Part I. System performance and cost
modeling, J. Power Sources 139 (2005) 205–213.

25] DoE, Town looks to truck stop electrification to resolve idling conflict,
FreedomCAR and vehicle technologies Program, Energy Efficiency
and Renewable Energy, Department of Energy, Washington, DC, 2005.
http://www.eere.energy.gov/vehiclesandfuels/pdfs/newsletters/may05
network news.pdf.

26] TMC, Fleet Managers Guide to Fuel Economy, T.M. Council, American

Trucking Associations, Alexandria, VA, March 1995.

27] C.-J. Brodrick, Fuel Cell Auxiliary Power Units: The Future of
Idling Alternatives? Institute of Transportation Studies, University of
California at Davis, 2004, http://www.eere.energy.gov/vehiclesandfuels/
pdfs/idling 2004/brodrick.pdf.

http://216.51.18.283/fhandbook.pdf
http://www.g2mil.com/abramsdiesel.htm
http://en.wikipedia.org/wiki/tanks%23gas_turbines
http://fuelreformer.sirti.org/docs/1d560936-c04f-791a-%203c432863ca4d61a2.pdf
http://www.eere.energy.gov/vehiclesandfuels/pdfs/newsletters/may05_network_news.pdf
http://www.eere.energy.gov/vehiclesandfuels/pdfs/newsletters/may05_network_news.pdf


4 wer S

[

[

[

[

[

[

[

[

84 S. Jain et al. / Journal of Po

28] J. Lawrence, M. Boltze, Auxiliary power unit based on a solid oxide
fuel cell and fuelled with diesel J. Power Sources 154 (2006) 479–
488.

29] TMC, Fleet Managers Guide to Fuel Economy, T.M. Council, American
Trucking Associations, Alexandria, VA, March 1995.

30] J. Garbak, Fuel cell auxiliary power units for trucks, in: SECA Meeting,
Seattle, WA, April 15–16, 2003.
31] D. Arthur, I. Little, Cost Analysis of Fuel Cell System for Transportation:
Baseline System Cost Estimate, Department of Energy, 2000, SFAA No.
DE-SCO2-98EE50526.

32] R.F. Service, New tigers in the fuel cell tank, Science 288 (5473) (2000)
1955–1957.

[

ources 160 (2006) 474–484

33] M.C. Williams, J.P. Strakey, W.A. Surdoval, The U.S. Department of
Energy, Office of Fossil Energy Stationary Fuel Cell Program, J. Power
Sources 143 (2005) 191–196.

34] Energy Information Administration, Weekly Retail On-highway Diesel
Prices, Department of Energy, Washington, DC, 2005. http://tonto.
eia.doe. gov/oog/info/wohdp/diesel.asp.

35] T.C. Charts, Light Crude Oil (CL, NYMEX), Weekly Price Chart, 11

July 2005. TradingCharts.com (2005). http://futures.tradingcharts.com/
chart/CO/W.

36] T.C. Charts, Brent Crude Oil (LO, IPE), Weekly Price Chart, 11
July 2005. TradingCharts.com (2005). http://futures.tradingcharts.com/
chart/BC/W.

http://tonto.eia.doe.%20gov/oog/info/wohdp/diesel.asp
http://tonto.eia.doe.%20gov/oog/info/wohdp/diesel.asp
http://futures.tradingcharts.com/chart/co/w
http://futures.tradingcharts.com/chart/co/w
http://futures.tradingcharts.com/chart/bc/w
http://futures.tradingcharts.com/chart/bc/w

	Techno-economic analysis of fuel cell auxiliary power units as alternative to idling
	Introduction
	Background
	Alternatives to idling
	Fuel cells for auxiliary power units
	Benefits
	System requirements


	Fuel cell technology options available
	Solid oxide fuel cell
	Proton exchange membrane fuel cell
	Systems configuration and technology issues
	Micro-grids

	Economic analysis
	Commercial trucks
	Idling rate
	Idling efficiency
	Maintenance cost
	Investment cost
	Fuel costs

	Economic analysis: heavy-duty trucks
	Analysis

	Economic analysis: Abram tanks

	Results
	Approach validation with direct hydrogen fuel cell result
	Fuel-cell APU break-even analysis
	Economic analysis trends

	Conclusions
	References


