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1 Background and Literature Review

1.1 Introduction

Vehicles of all types are run at idle to provide power to aociess The type and
power demand of a vehicle’s accessories are largely dependdm &mttion they
serve. Class 7 and #ong-haul trucks, also referred to as tractors or heavy-duty
trucks, are designed for the transport of goods over long distancesy &fa
equipped with a sleeper cabin in which the driver lives while ona&e. r Typically,
these types of trucks idle to provide power for cabin climate a@ipméasidential-type

AC electric loads, also referred to as “hotel loads;” and rothescellaneous

equipment.

The two primary objections to idling are made on the grounds ofclueumption
and exhaust gas emissions. The large diesel engine in & dasstruck is designed
to run at highway speeds and can reach efficiencies in egtd€®6. However, at
idle speeds, the engine is comparatively inefficient; on the ofdeto 11% [1]. On
average, the primary diesel engine of a long-haul truck opgratiidle consumes 1.9
-5.7L (0.5-1.5 U.S. gal) of diesel fuel per hour. Idling fuel con#ion depends
largely on the idle RPM setting, which in turn is dependent on thessmgeload.

The average total yearly fuel consumption for an idling engiestimated at 6,056 L

! Trucks are categorized by gross vehicle weiglngaiGVWR) which includes the base weight of the
vehicle as well as the weight of the fuel, carga passengers onboard. Class 7 trucks are defsed
weighing 26,001 — 33,000 Ibs (11,800 — 15,000 Kgiass 8 trucks are defined as weighing over
33,000 Ibs (15,000 kg).



(1,600 gal) per year, per truck [2].As part of a recent campaign to help reduce fuel
consumption and exhaust gas emissions levels, the U.S. Environmest&aitiBn
Agency (EPA) has created the Smartway Transportation Psiitper A voluntary
cooperative agreement between the federal government and a vafiety
transportation-related manufacturers, the purpose of the prograim establish
incentives for fuel efficiency improvements and greenhouse gas iensiss
reductions. By 2012, this initiative aims to reduce carbon dioxide)(€@®issions by

33 - 66 million metric tons and nitrogen oxide (N®missions by up to 200,000 tons
per year. At the same time, the initiative will result uelfsavings of up to 150

million barrels of oil annually [4].

In a related effort, although focused primarily on air qualitgt eelated public health
issues, many U.S. states have enacted their own anti-idlingjakegn [5]. The
specific restrictions, enforcement schemes, and issuing authoatig widely across
the nation. However, legislation usually restricts the time aurand purpose for

which idling is permitted.

The U.S. state of California has historically acted as a soundingd doa
environmental policy among the individual states and for the federalrgoeat.
Continuing In this tradition, the state has enacted some of the nestsictive

legislation to date. With an economy that trumps that of therapf the world’s

% The sample standard deviation for this survey was large: 1,300 gallons per year.
However, for the purposes of simple approximation, the mean was deemed a
sufficient parameter for distribution description.



most well-developed nations, the impact of anti-idling legislatiora istate like
California is likely to have a significant impact on the Amanictransportation
trucking industry. Its highly-restrictive, detailed legislatioould be viewed as the

high-water mark in terms of emissions levels for which manufactures must ai

As of January 1, 2008 title 13, section 2485 of the California Code of &emd
prohibits all vehicles equipped with a model year 2007 or newer dezgghes,
weighing over 4,536 kg (10,000 Ibs) gross weight from idling longer than fi
minutes for the purpose of powering a heater, air conditioner oraanilary
equipment during operator sleeping or resting in a sleepers r&gulation applies
not only to those vehicles registered in the state, but also to tegssered
elsewhere, operating within its borders. The exceptions forelislation are for
those engines; auxiliary power systems (APS), also refeorexs auxiliary power
units (APU); or fuel-fired heaters which meet California tleemissions standards.
To be verified tier 1l compliant, the technology must achievéeast an 85% or
greater reduction in particulate matter (PM) from the cutbastline standard or less
than 1.34 g/kWh (0.01 g/bhp-hr) emission level. For trucks manufacturedtgrior
2007, idle-reduction technology must comply with previous Californiacaridderal

emissions standards.



1.1.1 Pathways to Idle-reduction achievement

Prompted by a growing market for a greater number of low-anissfuel-efficient
alternatives, a variety of idle-reduction technologies havergedeover the last
several decades. In general, these technologies can beiadassif combustion
engine auxiliary power units, battery-powered auxiliary posystems, and a variety
of individual components designed to meet a portion of the sleeper ¢orapar
heating, cooling, and hotel load requireméntms addition to these mobile systems,
truck stop electrification (TSE) has been developed as a statiattarnative to
idling, offering operators a power and service connection singldhdse found in

recreational vehicle (RV) parks for a small hourly fee.

1.1.2 Design Specifications

Prior to discussing the existing idle-reduction technology it efuligo outline the
requirements of such technology in terms of the type, magnitudedwation of
power load. It is also beneficial to mention some of the fadtatsaffect acceptance

of idle-reduction technology.

Sleeper cabin power demand

In general, long-haul truck sleeper cab power demand can bedlinidetwo types:
hotel and accessory loads, and climate control loads. Hotel loagse\asusly
defined, consist of power drawn by household electronic equipment useccabthe
In a survey conducted by the University of California, Davis nstit for

Transportation Studies (UCD ITS), the frequency (i.e. the dtidrivers surveyed

% The term APU generally refers to a diesel-fireinal combustion engine generator set, and the
associated heating, air conditioning, and hoted lpawer accessories. All other energy systems are
here referred to as Auxiliary Power Systems (ARSs\oid confusion.



who operate a specific type of electronic item onboard to all drsuemveyed), type,
and associated power demand of onboard electronics is presented if6ijlar S
findings are presented in a 2006 American Transportation Researitiitén@TRI)
survey [7]. The total electronic load sums to more than 5 kW, haweean be
assumed that not all electronics are used simultaneouslyn fudher be assumed
that hotel loads are generally lower in terms of priorigntitlimate control.  For
example, during certain periods of the day it may be necesspriptitize hotel and

climate control loads based on available power and driver preference.

In a related paper, researchers at the UCD ITS calculatedettteical power demand
of an air conditioning system to be 1.2 kW, with a peak power requirenheh6
kw, for a few seconds [8]. The maximum heating load is reported-a8.5 kW,
depending on the ambient conditions and quality of insulation [6]. Théssats
are based on the American Trucking Association Technology aachtéhance
Council’'s (ATA TMC) recommended practice 432, which outlines ckmaintrol

load test criteria.

Main vehicle battery recharging, when provided by the APU, canaadadditional
310 W load per battety Engine block warming is provided by electric resistance in
the form of a heating flange, or by engine coolant recirculation. In tleeot&dectric
resistance heating, the load is usually powered by the vehicle batteries, though
some idle-reduction systems include it as an additional featdigpical power

demand is approximately 0.5 - 2 kW for a heating flange [8]. @odiaating

* Assuming 14V, 20 amps, and an added 10% for tHeanthother losses.



systems are powered either by waste heat from the APU ggakiket, or by fuel-
fired heater. Integrated APU systems do not require exdcriell pump power.

Fuel-fired heaters draw a small pump load, typically less than 50 W [40].

1.1.3 Factors Affecting Acceptance

Assuming that each system or component is able to meet the dspigrements, the
qguestion then becomes one of driver and fleet acceptance. Ther gtieat
demonstrated benefit versus cost, the more likely the idle-reduteichnology is to

be implemented and thus the greater its effectiveness.

The most decisive factor in the implementation of any idle-remlu¢echnology is
the associated cost. Particularly for the individual owner/¢operany anti-idling
solution, no matter how effective at reducing emissions mustoflesp a realizable
financial benefit. Idle-reduction technology costs include the puechase of the
system or component; a 12% federal excise tax if added as aptmst on a new
vehicle; operating costs which depend heavily on fuel prices; amitenance costs
which are dependent on the service interval, part costs (i.es/filbdr etc.), and

hourly labor rates.

One cost, which is commonly assumed negligible, is the reductifurel economy
caused by the increase in gross weight. It is estimateéotherery 0.45 kg (1 Ib) of
weight removed from a truck traveling on level highway at 89 km/hn{pB), fuel

economy will increase by 2.55 x 1@/km (6.0 x 10° mpg) [9][10]. This equates to



about $1.52 per kg per year ($0.69 per Ib per yems3uming an on-highway fuel
price of $0.91/L ($3.45/gal). This cost may seem insignificant, ssiraing fuel
prices continue to rise disproportionate to main engine fuel effigi¢he total can be
considerable over the life of the truck. Additionally, this figdos not include the
loss of potential profit incurred by payload displacement. Althoughculif to
quantify and highly dependent on the type of cargo, this cost couly &astp
increased fuel consumption costs associated with idle-reduction tecihvadoght.
System volume is also a significant concern. Space inside bire afathe truck, on
the rear exterior wall of the sleeper compartment, and along velohlassis between
the rear of the cab and the rear wheels, known as the railyisméed and therefore
highly prized. Even small space displacements for components, dudtngae
have a significant negative impact on operator acceptance. dhogdo the U.S.
Department of Energy (DOE), the volume of the average APU is 228 L (8 - 15
ft%), whereas the ideal volume indicated by truck manufacturers Wweuld0 - 226 L

(6 - 8 ff) [3].

Other tertiary factors that may affect idle-reduction teobgwlacceptance and
implementation include, but are not limited to, perception of technokmya
reflection of imposed standards, idling habits, awareness of idleti@utechnology
options, and awareness of financial resources [3]. These facayrde difficult to
quantify in terms of design specifications but should be taken intouatavhen

comparing idle-reduction technologies.

®Calculations assume on-highway fuel price of $qétliter ($3.45 per gallon) and an average annual
distance traveled of 193,000 km (120,000 mi).



1.2 Idle-Reduction Technology Review

Long-haul truck auxiliary power systems are comprised of dewariety of
components spanning an equally large number of developing technologyeaeas
of which is likely worthy of its own rigorous literature rewi. The scope of this
review is therefore limited to the basic operation and spedditaiof off-the-shelf
energy systems and components. Academic contributions as well cciaindata,
whenever available, are considered. Manufacturers’ datsusnasl accurate in the
absence of independent test data, which is employed for vedficqtiirposes

whenever available.

The information provided is intended to provide a basis for comparison ditilg.
advantages and disadvantages of each system, component, or techreiegighed

against the design specifications and acceptance factors previously outlined.

1.2.1 Truck Stop Electrification

Truck stop electrification (TSE) provides power and other sevitteough
connection to a stationary terminal or pedestal, as they armaoiy called. TSE
connections offer a wide range of services including filtered heatddcooled air;
internal and external AC power for hotel loads, block heating, anedholl frozen
transport refrigeration; local and long distance telephone sesateljite television
complete with movies on-demand; and high-speed internet access.

There are two basic types of TSE connections: onboard and shore pOweoard
systems require the operator to have all of the equipment onlh@atcutk (i.e. the

climate control unit). Power to operate accessories is pividean extension cord,



which connects the pedestal to an external terminal on the vehldie. pedestal
connection can also supply other features in addition to power, whidifared for
a small increase in hourly service cost (approximately $1.00 perwithout fleet
discount plus an additional $1 connection fee per use). With an onboarg§t&ia,s
trucks can also be powered while parked during loading and unloadingyvaneae

else a 115 VAC connection is available [11].

Shore power systems offer a complete service package withoutimgghe operator
to have any additional equipment onboard the vehicle. Services aideprwia a
window interface, which includes air ducting; 115 VAC power outl&ttiernet,
television, and phone connections; and a video touch screen which can be used to
view movies, browse the internet, and pay the service bill (appabeiyn$2.18 per

hour without fleet discount; one hour minimum) [12].

Advantages/disadvantages

Shore power TSE requires a nominal up-front cost for vehicle amapta®nboard

TSE requires that the vehicle have an electric air conditioanty heating system
onboard in addition to a vehicle adaptation kit, which significantlyesses the
capital costs (approximately $4,000 for a complete climate aoutit, installed).

However, the larger up-front cost is offset by a lesser haetyice charge. A

detailed cost/benefit analysis is conducted in the cost-comparison restitis.sec



Onboard systems are more flexible than shore power systet@sns of where they
can hook up to 115 VAC power. However, shore power systems do not displace

cabin space, and do not increase vehicle weight.

From the perspective of the owner/operator, little is requiredinstef maintenance
for either system, and it can reasonably be assumed that thdevataptation

equipment will last the life of the truck.

Other benefits include no emissions certifications concerns faniheiser and better
local air quality. In the larger context, the quantity and typenuksions produced as
a result of TSE depend on the type of plant servicing the TSarstdiowever, from
an operator’'s perspective TSE systems are not subject s&siens standards and
therefore eliminate the burden of certification. The health ksnedit only to truck
drivers and truck/rest stop employees, but to nearby residentedidly idling

elimination though not easily quantifiable, are notable.

The primary shortcoming of TSE is the inflexibility associateith a stationary
power supply. Between the two largest companies which offer i@k are less
than 9,000 electrified parking spots available in the U.S. as of SepteatiD7 [14,
15]. The average number of long-haul trucks on the road each dsiymsited at
more than 50 times this amount [16]. In view of this disparityraipes seeking a
TSE-enabled parking slip must often alter their schedules, hwban have a

significant impact on delivery schedule, profits, and wages.

10



1.2.2 Fuel-Fired Auxiliary Power Units

The fuel-fired APU is perhaps the most conventional of idle-reductutiens.
APUs generally consist of a comparatively small internal cotidusengine,
typically rated at 10 kW (13.4 hp) measured at the output shaft. Fagdpsied from
the truck’s fuel tanks. Maximum rated electrical output is galyed — 6 kW of 110
VAC power depending on the operating conditions and the efficiency oARtue
generator. The majority of APU electrical systems proadenterface for a shore
power connection as an extra-cost option. Fuel consumption depends targbby
size of the engine and power load, however average consumptioimigtedtat 0.75
— 2.0 L/h (0.2 - 0.5 gal/h) under standard conditions. Many APUs comppequi
with intelligent control systems that maximize fuel effiag by operating the APU
automatically, only when required. Examples include operatingct@arge the main
vehicle battery, maintain cabin climate, or for engine block tertyreracontrol.
APU generator sets, not including the climate control unit, gépevaigh 160 - 230
kg (350 - 500 Ibs), and have a rail length of 0.46 - 0.76 m (18 - 30 in). eldiletion
system climate control units typically weight 34 — 45 kg (2®0 |bs) and have an

average cabin displacement of 85 L &3 fL7-22, 23].

The vast majority of APUs operate on diesel fuel. However, tiseet least one
manufacturer that offers a comparably-sized system which runsopar@. The
propane is stored in an auxiliary tank mounted to the truck’s framesabualso be

connected to a disposable tank, like the kind used to supply gas barbeque grills [22].

11



One APU manufacturer offers an optional 12 cfm air compressohwhikinked to

the vehicle’s air system providing redundancy for the levelingoaedmatic braking
systems. Compressed air is also available for tire ioflatind pneumatic power
tools. The compressor is belt-driven by the APU engine. Ndfgpproduct data is
available from the manufacturer. However, it can be reasomaslymed that the
power requirement is similar to that of a portable air compress@momparable

output: approximately 1.12 kW (1.5 hp) [24].

Climate control

There are a number of climate control system options availableng both
manufacturers and individual product lines. Air conditioning systemgemerally
either shaft, belt, or electrically-driven. Heat is providelegiia electric resistance
or a direct-fired space heating system. Engine and APkétj@oolant recirculation
systems, which utilize the truck’s OEM driver compartmentihgatystem, are also
available. Heating and cooling components will be discussed itegiaztail in the

energy systems components section

Emissions

There has been significant research in recent years oni@misentrol technologies
[25]. However, at the time of this writing no manufacturer-endbrdessel

particulate filters (DPFs) are available off the shefirom an informal telephone
survey it is estimated that DPFs will be stand-alone compontntse mounted

adjacent the APU (requiring additional rail space), and cost roughly $3,000emhstal

12



Advantages/disadvantages

In addition to the potential savings over main engine idling, the primary advantage of
an APU is autonomy. Given the limited number of parking spaces available in the
U.S., long-haul trucks often park along the highway shoulder, at rest stops, truck
stops, or myriad other places. Having an onboard energy system allows the operator
the flexibility of being able to stop where parking is avail&klih full system

operation. Another advantage of the internal combustion engine APU is the proven
record of engine technology, the deep market penetration of such technology, and the

large number of service stations.

One of the main challenges in the implementation of APU technoldbg ieduction
of emissions. Filtration devices offer promise of future gedifon, but there is a
finite limit to which diesel engines can be “cleaned-up.” Samethe truck
manufacturing industry believe more and more stringent regulatidh®evput in
place in the future; that the ultimate goal of some legidabodies is a zero-
emissions idling solution. In the near term, the first-cost &sacwith the purchase
of an APU also makes them less attractive to individual ownesdtipsron a tight
budget ($6,000 — $10,000 installed, before FET), especially if a DPéqisred,
despite their long-term savings potential. Wide-spread implenmmniatmore likely
for larger fleets due to availability of investment capitadl @iscount bulk purchase,

etc.

® Some states regulate the proximity of APU useetasely populated or residential areas

13



1.2.3 Battery-powered auxiliary power systems

In recent years battery-powered auxiliary power syst&RAPS) have emerged as a
competitive alternative to conventional auxiliary power systems. Atdhd bf these
systems lies a bank of deep-cycle batteries, rechardest by the truck’s alternator
while driving down the road, or by shore power connection. In additioatriele
climate control components can be incorporated for a completeigrypapwered

energy system.

Replacing the engine and generator of a conventional APU withkadfaleep-cycle
batteries, BPAPSs offer many of the same features witheutrnissions restrictions
or noise of their fuel-fired counterparts. The number of batteztgpsined depends on
the number of electric components, the total system energy demanitheaintended
operating environment. The type of battery primarily used imeatly available
BPAPSs is the group 31 absorbed glass mat (AGM) battery, thestagd in the
evolution of the traditional flooded lead-acid battery. Rechartyimg is generally
less than six hours of drive time, depending on the number of bsttériel of

depletion, and alternator amperage [27-29].

Recharging the deep-cycle battery bank requires a higher ayepatarnator, which
can add considerably to the capital cost, depending on the requirecagep€¥ften
overlooked or assumed negligible is the decrease in fuel efficiend increase in
vehicle emissions associated with the increased alternator kduigher amperage

alternator places a larger demand on the engine, which in turn burasfueband
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therefore produces more emissions. The total amount of emissjmesusnably less
than that of an APU without a DPF, however to state that thefusdBAPS does
not consume any additional fuel or produce any additional emissionsotis

technically correct.

With the use of a BPAPS, AC hotel load power is provided to the &ikeper
compartment via a DC to AC inverter. The power output range adrdiyravailable
inverters varies widely from a few hundred Watts to well doely the power
requirements of a sleeper cabin. DC to AC conversion efficiahéyll capacity is

generally 80-90% , lower at part-load [66].

Depending largely on the number of batteries used to power the system (roughly 35

kg or 75 Ibs per battery), the average weight of a BPAPS is on par with the weight of
an APU. Generally, a battery bank containing four batteries takes updes3.75 m

(30 in) of rail space. More space may be required depending on the total number of
batteries and the configuration in which they are mounted. Packaged climaté contr
units displace 64 - 121 L (2.25 - 4.28 fand are generally mounted in the sleeper

cabin underneath the bunk. A split system, which mounts the air conditioning system
condenser heat exchanger and fan outside the sleeper cab, takes up even less interior
space. Standard packages, which include four batteries and the associated mounting
equipment, inverter, climate control unit, and recharging components, cost

approximately $6,000, installed.
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Advantages/disadvantages

There are a number of advantages a battery system offerthevamventional APU.
A completely electric BPAPS (i.e. one that uses an eleotsestance heater as
opposed to a direct-fired heater), in addition to the health beoéfiisoducing no
local emissions, is not subject to emissions regulations. AlsoPBPae generally

quieter, generating noise only from electric motors, fans, etc.

The disadvantages of a battery system include a comparasivety battery service
life, decreasing battery performance with number of dischadweirge cycles and
extreme ambient temperatures, finite capacity, shallower mpgeetration, and a
higher level of required operator system knowledge and vigilancarer@uwleep-
cycle battery life is generally accepted as 2-3 yedtisough this figure depends
heavily on conditions under which the battery is used. Deep-cyckribatalso lose
some capacity over their service life. Although batterieslasggned to operate over
large ambient temperature ranges, their capacity and selifécecan change
significantly in extreme temperatures, specifically low a@nbtemperatures. Due to
decreased chemical reactivity at low ambient temperaturéterypaapacity is a
fraction of what it is at room temperature, thus for regular ¢iperan cold climates,
additional batteries may be required to meet energy demands, thusnigpcan
additional cost. BPAPSs are not as time and road-tested as ARUtherefore must
overcome industry skepticism prior to wide-spread implementatiaitery systems
also have a smaller energy storage capacity compared tof ttiegt typical fuel tank

at the disposal of an APU. Therefore, operators must managecarefelly their
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energy use. For instance, it is recommended that drivers cootalans just prior to
shutting off the main engine and turning on the BPAPS to avoid they lpzaver
requirement of cooling a hot sleeper cabin. In a report produced lmeiSer
National Inc., the required level of operator interaction is invergadportional to
operator acceptance [30]. Operators who followed manufacturesshmendations

were more likely to be satisfied with system operation.

1.2.4 Fuel Cell Systems

One of the most highly anticipated technologies in the development ohéarg

truck auxiliary power systems is the fuel cell. With the psanof greatly increased
efficiencies over the internal combustion engine, significamaitiiced emissions, and
quieter operation, fuel cell integration into auxiliary power esyst has been studied

extensively [6, 45, 67].

Despite considerable effort, there are a number of hurdles regaihich must be
cleared before the mass production and marketing of fuel cell A®Wsalized.

Challenges include, but are not limited to diesel fuel refoomatack of a hydrogen
fuel supply chain; use of expensive and exotic materials; lar@ndsa of plant
requirements for reforming, and thermal and water managemsahtslaw start-up
times, specifically in the case of the solid-oxide fuel.cdli is unclear from the
literature and manufacturer’'s data when these challendieBenovercome. What is
clear, however, is that once available on the market, the impdidelg to be

significant.
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1.2.5 Solar Energy Systems

Solar energy conversion technology has reached the point in its coi@me
development where it is now being applied to long-haul truck engsigmss. One

U.S. company currently offers such technology. The system opdrat@stalling a
solar photovoltaic panel on the cabin roof and connecting it to thele’shimain
batteries. Each panel can supply 2 amps of current at 18.6 volts, andthrpet
panels can be installed on a high-roof cab for a total of 111.6 W [Bi¢ panels
provide the most energy between the hours of 12 and 4 p.m., and even prodeice pow
under overcast skies [32]. Individual panels have an area of G.8.9nff) and
weigh 13.6 kg (30 Ibs). The manufacturer claims that the panetsrmaimpact on

the truck’s aerodynamic characteristics.

Each panel costs $1,049, comes in a variety of colors, and carf-bestedlled. The
panel is made of a number of smaller solar strips and thus iftgmeéssdamaged or
malfunctions a replacement can be ordered without purchasing anyemévelpanel.

Warranty life is one year.

Advantages/disadvantages

The primary advantage for a passive energy source such as a solar panabis that
additional fuel is required to recharge the vehicle’s main batteries oraayhhttery
bank, if installed, thus no additional pollutants are emitted. The major drawback is
system cost versus power output. In this application, the panels are not meant to be

the complete idle-reduction solution but rather a means to offset the recHagging
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that would otherwise be supplied by the engine or APU. Solar PV panel efficgency i
currently too low to cost-effectively replace diesel fuel as the primaeygy source

for meeting sleeper cab energy demand. However, solar technology is another
research area which has received a huge amount of attention and funding in recent
years. The day when cabin electricity and HVAC requirements are thetalar

panels covering the exterior of the vehicle may be approaching.

1.2.6 Energy Systems Components

The following section includes components which, although they do not rhées al
requirements of a complete idle-reduction power system, can benasadually or

in conjunction as part of a complete system.

1.2.6.1 Climate Control

A number of APUs provide air conditioning through a standard shaft tdidetn
vapor compression cycle. In these conventional systems, the compsessaiained
within the engine/generator housing and the refrigerant linesuarérom the APU
mount point to the climate control unit, located under the driver’'s bunk.ilafle
output capacity is advertised as high as 7.6 kW (26,000 Btu/h) or mdreugtit
typically on the order of 4.1 kW or 14,000 Btu/h) at a cooling air flo\e o 7.87 —
11.46 nils (278 — 405 cfm). Cabin displacement volume is generally 28 — 22-L (

1.5 f6) and units generally weigh less than 13 kg (30 Ibs) [19, 33].
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Electric air conditioning compressor

Similar to long-proven, packaged residential window air conditioning useigeral
manufacturers offer complete electric-driven air conditioningtesys. There are
generally two formats available for air conditioning systepas&kaged units or split
systems. Packaged units, as the name suggests, contairteaii sgsnponents in a
single housing. The advantages of this setup are that theyngsker to install and
maintain, less expensive than split systems, and are more efficient agréhecelong
refrigeration lines through which heat can be transferred. §gliems are typically
divided into one section containing the condenser coil and cooling fan, aathéne
section containing the evaporator coil, compressor, logic module, and bldver
advantages of the split system are that they take up less eatizdidh space, require
smaller cutouts through the walls of the truck, and are quietetodiln® condenser
fan being mounted externally. Cooling capacity generally rafnges0.9 to 4.1 kW
(3,000 to 14,000 Btu/h). The power demand for a 0.9 kW (3,000 Btu/h) capacity
system is calculated to be 300 — 350 W by the manufacturer,ngeddcoefficient of
performance (COP)of 2.6 to 3.0 [27]. The power demand for a 2.9 kW system
(20,000 Btu/h) is calculated by the manufacturer to be approxinmiatekW yielding

a COP of 2.0.

In the previously cited Schneider National Inc. study, it wascloded that two
batteries did not supply sufficient capacity to operate theaaiditoning system at
higher ambient temperatures and that four batteries would be kdorepeak

summer comfort [30].

" COP is defined as the cooling power divided byvilek input to the compressor.

20



1.2.6.2 Thermal Storage

Thermal energy storage technology, until recently has not beendapplieng-haul
trucks in any commercial capacity. However, a small numbemarfufacturers
currently offer an air conditioning system that uses a thestmiage medium,
charged while the truck is moving, in conjunction with a smalhamdling unit to
provide cabin space cooling. Once discharged, the thermal storaganmedi
regenerated by a standard electric-driven vapor compressitey eyuch receives
power from the truck’s alternator via an inverter. Ventilatiothaut cooling is also
available via the air handling unit. Available maximum therntatagie capacities
range between 5 and 6.15 kWh (17,000 and 21,000 Btu) of energy [34, 35]. A small
power draw of 42-100 W is required during discharge to operate the bdmaehe
coolant circulation pump, which can be supplied by the main vehidlerieat The
entire system weighs 140-180 kg (300 — 400 Ibs). The extermatdhstorage and
refrigeration unit has a rail length of 0.65 m (26 in) and thénamdling unit has a
cabin displacement volume of 64 L (2.29 ft Installed costs are generally quoted
around $3,800 for an aftermarket product, with a warranty of theaesycovering

parts and labor [34].

Advantages/disadvantages

The low power draw in comparison to conventional air conditioning systemsh
can require more than five times the power at similar amba&npérature, is the
primary advantage of thermal storage air conditioner systemswewer, with a

limited cooling capacity per charge, operator vigilance is reduir Additionally,
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there may not be enough system capacity for some climategich ambient
temperatures regularly climb above 35°C (95°F). The system weghtso
approximately four times the weight of a comparable electned vapor

compression air conditioning system.

1.2.6.3 Evaporative Cooler

In addition to conventional vapor compression air conditioning systems, etra@ora
air conditioning systems are also available off-the-shelf. Fmxternally-mounted
tank, water is pumped to a roof-mounted unit which contains a fan. Thfserfaes
the evaporation of the tank water, drawing heat from inside thia.caEspecially
effective in drier climates (below 60% relative humidity), thanofacturer reports
cooling capacity enough to lower cabin temperature by 19°C (88%F drawing a
maximum of 96 W. The system requires little maintenance thighexception of
system flushing, annual water filter replacement, and rejilof the water tank,
which consumes an average of 2 L/h (0.5 gal/h). The system weighs(26&b)
including a full water tank of 32 L (8.5 gal), and the evaporator housing hats
volume of 110 L (3.88 f). The evaporator housing has an aerodynamic appearance,
although it is not specified what impact mounting it on the roof otrdetor has on
the overall aerodynamic efficiency. The unit costs $1,500 and hasranty period

of two years [36].
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Advantages/disadvantages

The advantages of an evaporative air conditioner are that it iglesimequires

significantly less electricity than a conventional vapor compoassystem, and is
less expensive to purchase. The drawbacks are that it ieffesive in humid

climates, requires the driver to monitor the level of watahenreservoir, and may

have a detrimental effect on vehicle aerodynamics and therefore famdrefy.

1.2.6.4 Direct-fired Heater

According to a recent ATRI study, direct-fired heaters, addted fuel-fired or bunk
heaters, are the most widely-employed idle-reduction techngijgyThe systems
operate by drawing diesel fuel from the truck’s fuel tanks and tgirihiin a small
assembly, usually mounted beneath the bunk providing cabin space heatimgleA
manufacturer often produces several different series of heatitg designed to
meet a range of space heating demands. Smaller units producdarappelyx2.2 kW
(7,500 Btu/h) on high output setting. Larger unit capacity is upwards laiV 4
(13,650 Btu/h) [37, 38]. Hourly fuel consumption averages 0.1 - 0.28 L/h (0.03 - 0.07
gal/h) depending on the desired heat output. In addition to fuel consumption, a
comparatively small amount of DC power is required to operate tineebland logic
module. Continuous power demand is typically 8.4 - 33.6 W, with a badlipt

draw of 100 W or more. Including power draw and fuel consumption, ditieety
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averages 78% Direct-fired heaters are very compact, with the larger units

measuring approximately 8 L (0.28)ftwith a mass of less than 4.5 kg (9.9 Ibs).

Advantages/disadvantages

The advantages of using a direct-fired heater include signifinargase in heating
efficiency over main engine idling, a small electric dremmpared with an electric
resistance system, compact size, negligible weight, and pemmagtssignificantly,
direct-fired heaters generally exceed all U.S. federalstateé emissions restrictions,
including California tier 1l emissions standards [39]. The dirsatage of a bunk
heating system is its cost (approximately $1,200, installed), compétedow much

of the total cabin energy requirement it meets: heating only.

1.2.6.5 Electric Resistance Heater

Providing a complete electrified system, many climate comslystems incorporate
electric resistance heating, which can be powered eitheergrator or battery. The
advantage of an electric resistance system is thatattes built directly into the
climate control unit, and uses the same ducting and fans as tkendlitioning
system, conserving valuable cabin space. Available capacigesaimom 1 kW
(3,400 Btu/h) to more than 4 kW (13650 Btu/h) [17, 21, 23, 27, 29]. Electric

resistance heaters necessarily have a maximum COP of 1.0.

® Assumes the energy density of diesel fuel to b2 B&I/L (LHV)
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Advantages/disadvantages

The primary benefits of employing electric resistance heaee that they can be
incorporated directly into the air conditioning housing using the sdméng, and
can be powered either by battery or generator. The disadvantagéisaarthey
consume a large amount of electricity and require replacemenbxamately every

three years [10].

1.2.6.6 Coolant Recirculation Systems for Engine Block and Cabin Space
Heating

Similar in operation to, and often manufactured by the same comspinat offer
direct-fired space heaters, direct-fired coolant heaters dramfrom the truck’s fuel
tanks and transfer the combustion heat to the main engine coolantplubhieing
draws coolant at the rear of the engine block, warms it, andhsetuo the intake of
the suction side of the engine’s water pump [40]. Heater opeitaticontrolled by
engine block temperature. When the temperature drops below tip®isgt the

heater automatically turns on to maintain block temperature.

Fuel-fired engine block heaters come in a wide selection @ictegs ranging from 4
to 13.2 kw (13.700 to 45,000 Btu/h) measured at maximum output [37, 38]. Hourly
fuel consumption at high output is 0.51 L/h (0.13 gal/h) for the smallés and 1.5
L/h (0.4 gal/h) for the larger units. Power draw ranges betweam®@5 W at high

setting. Smaller heaters can displace 3.6 L (03 &ifid weigh 2.5 kg (5.5 Ibs), while
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the larger units displace more than 27.3 L (0.8pMiith a mass of 15 kg (33 Ibs)

[38].

Along similar lines, one company offers a thermal energy regosgstem which
continues to circulate engine coolant after the main engssteutsdown. Using a 7.5
W (0.01 hp) pump, residual engine heat is carried away via &iiteglcoolant to the
truck’s OEM heating system, providing up to 3 - 4 hours of space hedépgnding
on the ambient conditions. The system turns off automatically vdoetant

temperature drops below 35°C (95°F). The system has a two yeantyand costs

approximately $600 for the standard model, installed [41].

Also using coolant recirculation, a number of manufacturers offeengine block
warming system for which the heat is supplied by the APU cogaket [17, 23].
The system operates by linking the main engine and APU coolategnsy. APU
coolant pump power is sufficient to circulate coolant throughout thesesystem.
The advantage of an APU powered system versus a direct-firemhtbaater is that
during the colder months of the year it uses heat produced by thethsPWould
otherwise be discharged to the ambient air. Utilizing thistevheat greatly increases
system efficiency. The advantage of a system which usesdhent system to warm
the whole engine block over a system that uses an air intaker heatvarm the
cylinders is a smaller temperature gradient throughout the ebtpok. A smaller
temperature gradient decreases thermal stress, which wouldvistheresult in

increased wear and tear on the engine.
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Advantages/disadvantages
The advantage of a coolant recirculation system is that for a nominal power draw, it
takes advantage of residual heat from the main engine that would otherwise be lost

to the ambient environment.

The addition of a coolant heater alone does provide engine warming, but most models
are not designed to provide space heating. Systems that are designed to use the
vehicle’s OEM heating system provide advantage by reducing the number of
redundant systems. The primary drawback of the recirculation pump is thaheven i
moderately cool temperatures, it may not be able to supply adequate cabin foeating
more than a few hours. The disadvantage of a coolant heating system is thayit is onl
required in consistently cold ambient conditions (<-6°C - -12°C), and must be

maintained and transported regardless of whether it is required.

27



2  Objectives

In broad terms, the purpose of this thesis is to develop a foundadtioformation

upon which future contributions can be made to the research area-céddtion
technology. Aside from general information promulgated in brochurdsoa-line
manuals, specifics on system operation, operating parameters, aedalnabr
example, are largely proprietary. Still, the development of leegy systems which
comprise idle-reduction technologies are of logical interesicemlemia. Especially

in a time when many universities are focusing on the advancement of
environmentally-responsible/sustainable technologies, the industry holisy m

opportunities for independent contribution.

The specific objectives of this thesis are as follows:

e To provide a concise, detailed compilation of the major currently-eteak
idle-reduction technologies including complete power systems whahder
cooling, heating, and power as well as partial systems tloaider one or
more of these,

e To review available energy simulation software to determinelwls most
applicable to idle-reduction system simulation,

e To develop transient simulations of the most promising complete yenerg
systems, into which new concepts and technologies can be incorporated,

e To develop methodologies for evaluation and comparison including sleeper

cabin load profiles and en route weather variation
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Based on the initial output of these simulations, to propose developments
and/or alternatives to current use, areas of future reseanth,further
applications,

To develop a simple, flexible cost-comparison model through which
parametric studies can be conducted comparing several idle-reduction

technologies over a range of operating parameters.
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3 Approach to Energy System Simulation and Cost-Comparison Modeling

In this section are discussed the methods used in model development atbroper
the justification of assumptions, and the equations used in calguldi@n output

values.

3.1 Modeling introduction

For the purposes of this analysis, two types of simulations or pnegraere
developed. A component-based transient simulation was developed using $RNSY
for both a conventional fuel-fired auxiliary power unit and a bagpewered
auxiliary power system. The intent of these models is touleaé the fuel
consumption, power output, operating hours, and in the case of the APU, egdmust
emissions over a given time period. The second type of modekcah \Eorksheet-
based macro, takes a number of product parameters such asntted aperating
hours; capital, maintenance, and operating costs; and other econatois fand
calculates the lifetime hourly cost, the total cost, and paylpesiod for six
prominent idle-reduction technologies and compares them againstlitige afl the

main vehicle engine. Used in conjunction, the transient simulation arkgieet can
provide perspective on both the engineering and economic considerations of a

particular system.
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3.2 System-level energy model development

Due to the nature of the available information and the scopdeofptoject, a
component-based, transient simulation was deemed most appropriate. bArafm
energy simulation software packages were investigated fon tisis analysis. Table

1 provides a list of the software packages considered for simulation.

Software Description
Aspen Offers various energy simulation softwarekpges
DOE2 Building energy use and cost analysis software
ESP-r Building thermal and energy simulation sofeva

Transient System Simulation (TRNSYS) Transient simulation software for thermal and other

systems
Virtual Test Bed Software for prototyping of large-scale, multi-tedal
(VTB) dynamic systems

Table 1: Software Packages Considered for Idle-Redtion System Simulation

For reasons including simple graphic-user interface, a welbkstted support
system, international market penetration, the capability to modifgreate new
components, and the ability to run transient energy system siomslabver time

periods of more than one year, TRNSYS was ultimately selected.
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Figures 1 and 2 illustrate the components used in the APU aAdPSMPnodels,

respectively. The following is a brief description of each ofdh@ponents shown.

Components developed specifically for this analysis will be discussed iemguesil

in the following sections.

Type 65d (online plotter): graphs outputs

Type 33e (psychrometric calculator): calculates humidity fabim dry bulb
temperature and relative humidity

Type 33c (psychrometric calculator): calculates the reldtiwidity from

the dry bulb temperature and humidity ratio

CCuU (climate control unit): receives input from the therma@ygte 108) and
computes cabin HVAC inputs as well as power demand

Type 55 (summation calculator): performs a number of statistatallations
including summation, integration, mean, standard deviation, and high and low
values

Type 109 — TMY2 (weather data reader): outputs the weather data
information from the specified TMY2 input file

Type 56 (multi-zone building model): calculates cabin energy paeamet
including temperature, relative humidity, sensible and latent load, etc.

Type 108 (thermostat): produces an output signal based on the input value
relative to the set value (in this case, space temperatuaBveekto set

temperature)
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APU (auxiliary power unit): receives power signal from Catdl hotel load
forcing function to calculate the power output, fuel requirement, and
emissions production

Gate: selectively allows signals to pass from input to outpséd@n the
simulation time

Type 24 (integrator): integrates input over the time step sepdcby the
control cards

Type 57 (unit converter): converts values from one unit to anothed lzas
user-specified parameters

Type 21 (simulation time): outputs time-related simulation pammet
including hour of the day, day of the week, hour of the year, etc.

Monday, Tue-Fri, Saturday, Sunday (Type 9 a, generic data-reading
components): inputs hotel load profile for the specified day of the week
Hotel Load (Type 41, forcing function scheduler): applies the apprtepri
hotel load in accordance with the day of the week

Inverter: calculates the input power requirement based on thead@Uotel
load demand total

Battery bank: calculates the fuel required to recharge thayhatek as well

as the number of days per year the battery bank capacity iargetdnough

to meet cabin requirements and by how much in terms of additionafibat

required
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In both models, the inputs from the ambient environment including tempeeratur
relative humidity, and solar gain (type 109), the heat gain from thetriebl
components used inside the cabin (Hotel Load component), and the heabgain f
the occupant are summed by the cabin model (Type 56a). The caiyoment is
connected to a thermostat (Type 108), which produces an output sigadl drathe
cabin temperature with reference to a set temperature. igia & then passed to
the climate control unit (CCU), which returns the output air temperature, airdtew
and relative humidity to the cabin. The CCU also calculatepaleer associated
with the required heating or cooling output, which are connected fmther source.
The APU model then calculates the output energy, fuel consumptioguantty of
emissions. The battery bank component calculates the additionaketueted to
recharge the battery bank on a daily basis.

In the following sections the components common to both systems saesskd,

followed by the components unique to each system model.

3.2.1 Common components

3.2.1.1 Enroute TMY2 weather data

The cabin climate control load profile is based largely upon ambmmditons,
which in turn vary greatly with geographic location. Given the gilesinces over
which long-haul trucks travel, it is proposed that the weather mgtorting station
change to approximate the route of travel. Therefore a forcingdanets created
which incorporates parameters like the average distance trgveteday and the

average number of days spent traveling per year. This functiortheasused to
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simulate the travel of a long-haul truck along the length oigHitesignificant
corridors within the U.S. in an effort to better model the climatigersity

experienced by an actual truck.

Freight-significant corridors are identified by the ATRIl&s 1-10, I-45, 1-65, and I-
70 [48]. In this analysis, 1-45 was excluded because of the veelatimatic
homogeneity of East Texas and replaced with 1-95, which stretamasMiami, FL
to the Canadian border with Maine and thus has a widely rangingteliabong its

length.

To approximate the ambient conditions a typical long-haul truck wouldueter
along the corridor, information was obtained pertaining to opewdiging habits
including average daily distance, average length of haul (defigeithea distance
between goods pickup and drop off), and the average time spent idlingaeldieg
or unloading. The average daily distance can be found in a numbervadughe
cited sources [3, 7, 16, 42, 46]; approximately 400 miles per day. Ikispda
representatives from JB Hunt and Schneider National Inc., two o&tgerlfreight
transportation companies in the US, the author learned that the alesrgtieof haul
is approximately 805 — 965 km (500 — 600 mi) [49, 50]. However, operators do not
generally remain in their cabs during loading and unloading. bthstkaver rooms
are often made available for the operators while they waito, Alsvers will often
pick up or drop off an already loaded trailer, resulting in lidleno additional idle

time. Given this information, it is assumed that operators do notajlgndle during
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loading and unloading, thus there is no additional requirement for thef udke-

reduction technology apart from en route rest periods.

The five freight-significant corridors chosen for this analyare divided into
increments averaging approximately 400 miles by intersidjezent TMY2 weather
stations. The forcing function for this analysis assumes theleeiscillates between
the termini of the corridor for the duration of the year. &mmmple, if an operator
were to start in Vancouver, BC on the first day of the yeaas assumed that he or
she would drive the full length of the corridor to San Diego. Hetle first
morning’s ambient conditions correspond to Vancouver, B.C., the first evanohg
second morning’s ambient conditions correspond to Salem, OR, etc.iv&heutes

were divided as follows:

Route Dlsta_nce Travel Stopover cities
[mi] Days
Vancouver Salem, | Sacramento| San Diego
5 1396 3 BC OR cA cA
110 2415 6 San Diego | Phoenix, El Paso Ar?aenlo Houston | Mobile J(_s\\;:ilﬁzon
CA AZ T 9 A% AL
X FL
Mobile Nashville | South Bend
I-65 887 2 AL ™ INE
Cedar City Eagle Goodland | Columbia Indian- Baltimore
I-70 2153 5 uT! co KS MO a[l),:)llls MD*
I Jackson- . Phila- Fredric-
195 1925 5 Miami ville Raelah | delphia | 90| ton
FL PA NB

Table 2: Corridors Selected for Analysis and Stopaer Cities

! Cities presented are not directly on the corridblowever, TMY2 data was taken from the closest
possible reporting station.

® TMY2, an acronym which stands for typical meteogital year (second edition), is a standard
weather data file collected by some 239 weathéiogtaacross the U.S. and its territories. This
standard file is interpreted by the TRNSYS type di@a reader.
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To create the mixed TMY2 files corresponding to each corridoexael macro was
created. The mixed worksheet was then output as a text file, roethve TMY2
format using a FORTRAN executable file, and finally input if®NSYS using a

Type 109 TMY2 weather data reader and processor.

3.2.1.2 AC electrical “hotel” load duty cycle

As there is no standard daily hotel load cycle, one was developed basa
residential electrical load profile using the electronic equipna@at power ratings
outlined in Grupp, et al. [6]. The proposed load profile complies with duergal

Motor Carrier Safety Administration Hours of Service regulations [51].

Hotel Load Profile
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Figure 3: Hotel Load Profile Used in Calculating Ide-reduction System Power Consumption
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120V AC Loads | Present |Power [W] Schedule Totalti me [min]

Truck runs from 0800 to

Entertainment 1900
TV 74% 100 0700-0800, 1930-2130 120
VCR 53% 30 1930-2130 120
Stereo 66% 50 2130-2200 30
DVD Player * 30
Game System * 20
Communications
Cell Phone 62% 10 1900-2200 180
Laptop
Computer 23% 35 0730-8000, 2030-2200 120
Comfort
Air Conditioner - 1200

Intermittent 13 hrs
Refrigerator 59% 160 (10 min on, 50 min off) 140
120V Lamp 46% 100 0700-0800, 1900-2130 210
Microwave 19% 1200 0730-0735,1930-1935 10
Coffee Maker 15% 1200 0700-0705 5
Hot Plate/Crock
Pot/Grill * 750 1940-2000 20
Other* 11%
Total power demand [kKWh] 1.73

Table 3: AC Electric Equipment “Hotel” Load Profile Adapted from Grupp, et al [6].

The daily hotel load cycle, presented in Figure 3 and Table 3, was assumed not to
change appreciably from one day to the next. All power consumed within the cabin is
assumed to be eventually dissipated as sensible heat although the outpugedavera
during periods of significant use such as in the morning and early evening. The
purpose of averaging the load profile is to keep from inducing a large imstanta

heat load into the cabin without having to consider the thermal capacitance of each

piece of equipment, time delay for natural thermal gradient-driven ringnietc.

The hotel load profile presented in Figure 3 was developed in an &rdesheet,
saved as a text file, and input into TRNSYS via Type 9a, a igeti@ta reader. In
addition, the daily load profile was scheduled via a forcing fancgscheduling

component, Type 41. In essence, the operator begins his or her week oryMonda
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sleeps in the cabin Monday evening through Saturday morning, andsrétome

Saturday evening. Sunday is observed as a day off.

Figure 4 shows the hotel load profile for a work week. As shownfirdtesection
represents the three-hour period in the evening between the timehibke is parked
and the time when operator goes to sleep. The eight intermitizts are the
refrigerator compressor turning on and off, followed by the one-herimgpthe next

morning when the operator wakes up and prepares for work.

Temperature [C] and air change rate [1/h] Power (K]
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Figure 4: AC Electronic Equipment “Hotel” Load Prof ile for an Entire Week as Produced in
TRNSYS.

40



3.2.1.3 Long-haul truck sleeper cabin (type 56)

The sleeper cabin model used in this analysis was constructedNIBUllR, part of
the TRNSYS software suite, using cabin schematics and insulagian othtained
from a major vehicle manufacturer [52]. The model was then cad@ainst the
available academic literature [6] as well as the capacigurrently-marketed CCUs

[17-24].

As previously addressed, long-haul truck sleeper cabins afdaeldgan a number of
different size configurations from low roof models with a cat&iling height of
approximately 1.65 m (65 in) to high roof models with a ceiling ltedd) 2.6 m (102
in). The majority of cabins are approximately 2.43 m (96 in) wiBer this analysis,
a high roof configuration was employed for the purpose of investgg#ti@ worst-
case-scenario in terms of heating and cooling requirements. Teadedhe heating
and cooling requirements, offer privacy, and block out any incident digiming
through the windshield and side-view windows, sleeper cab trucks appedwvith
a heavy curtain which, when drawn separates the driver's comgar from the
sleeper. Table 4 lists the dimensions taken directly amatd from the cab

schematics.
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Figure 5: High Roof Long-haul Truck Sleeper Cabin

Driver's Compartment

Wall wall area (m 9 window area (m ?) U-value (W/m %K)
Forward 4.27 1.67 1.20
Driver 1.59 0.68 1.20
Passenger 1.59 0.68 1.20
Curtain 5.26 5.67
Roof 2.23 0.69
Floor 1.98 1.20
Volume (m ®) 3.88
Cabin

Curtain 5.26 5.67
Driver 451 0.19 1.20
Passenger 4.51 0.19 1.20
Aft 6.32 1.20
Roof 4.58 0.69
Floor 4.46 1.20
Volume (m ®) 11.00

Table 4: Cabin Dimensions and Insulation U-valuessed in Analysis

42




The TRNBuild parameters are input into TRNSYS via the Type 5Gi-aune
building component. The building model is a non-geometrical balance matiel wi
one air node per zone, representing the thermal capacity obieearr volume and
capacities which are closely connected with the air node. Tdwlygrsimplified

energy balance is calculated using the following equation [53]:

Qinternal = Z Q = Qconv, surface + Qconv, infiltration + Qconv, ventilation

+Qconv, adjacent space + Qconv, internal + Qradiation, solar (1)

At the node, the heat flux is summed including inputs from the wafhcms,
infiltration (from both ambient and adjacent spaces), ventilation, iatetnal
convective gains such as the operator, electronic equipment, and lighiihg.

convective heat flux is given by the flowing expression:

Qconv, surface — Zsurfaces UA (Tambient - Tinternal) (2)

In equation 2, U is the inverse of the equivalent thermal aesist of all wall
materials and A is the area of each respective wall. BRalines were taken from
cabin schematics [52] and listed in Table 4. The infiltraticat gain is given by the

following expression:
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Qconv, infiltration = infiltratioanP (Tambient - Tinternal) (3)

Here,V is the time rate of change of the volume of infiltrated aiis the average
density of the infiltrating air, an@p is the average specific heat of the infiltrating air.
Due to the high level of air-tightness of new vehicles, thetiafibn load was
considered negligible in comparison to the ventilation load, Gkl using the

following expression:

Qconv, ventilation — ventilatioanP (Tambient - Tinternal) (4)

In the above expressioW,is the time rate of change of the volume of ventilatedpair,
is the average density of the infiltrating air, abdis the average specific heat of the
ventilation air. The majority of the climate control units sueggyspecifically the
one selected for modeling does not use ambient makeup air. Thus,sthere
ventilation load that does not come from the operator opening theleveloiors or
rolling down the windows. To otherwise account for a ventilation rement, the
occupancy-based ASHRAE standard of 0.003% (7.5 cfm) was used [54]. The
heat flux from the unconditioned driver's compartment is calculatsidg the

following expression:

Qconv, adjacent space — UA(Tdriverls compartment ~ Tsleeper cabin) (5)

Here, the U-value is the thermal resistance of the cusegparating the two spaces,

and A is the area of the curtain.

44



One challenge encountered in using a model that was designeduifdmgs
(assumed stationary) is modeling mobile systems with varongpass orientations

and surrounding environments. Solar gains are dependent upon the thermal
characteristics of the incident surface, incident angle, shaffiects, etc. Not being

able to reasonably estimate the parked orientation of therti@ca given stop or the
attenuation of solar gains the roof is considered a horizontal sugadethe only

surface through which solar loads are considered.

3.2.1.4 Climate control unit

The CCU contains both the electric resistance heater and the c@ppression air
conditioning system. Both systems use common ducting and fans atypieadly
mounted beneath the bunk in the sleeper berth. The CCU componewtgdbe
operating signal from the thermostat (type 108) and using tetaperaputs from
ambient (type 109) and cabin sensors (type 56), outputs heating or cooling
temperature, air flow rate, and relative humidity values to théncas well as the

power demand by the CCU, which is input to the power source.

Electric resistance heater

The 115 VAC electric heating system has a dual-stage heatengent producing
1,000 W (3,400 Btu/h) on low setting and 2,000 W (6,800 Btu/h) on high setting.
The blower fan is also variable speed, requiring 162 W on the libvwgsand 240 W

on high [29]. The low and high heating stages are activatearagely by the

thermostat (type 108) at 38 and 16C, respectively.
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Electric-driven vapor compression air conditioning system

The air-conditioning portion of the CCU component is modeled using a 10-
coefficient curve fit to calculate system capacity and paweeisumption [55]. To

this a constant speed evaporator fan was added as an additionatlpppwehe same

fan used by the heater [56]. The inputs to the component are thel cogrhal from

the thermostat, cabin temperature, and ambient temperature. Theefgmsaof the
model are the minimum and maximum evaporator refrigerant-sidetarhperature,

the minimum and maximum compressor air-side inlet temperatudethe approach
temperatureTapproach.  The model calculates the unit capac®yc yni, power
consumption raté,. i, COMpressor air-side inlet temperattig and evaporator
temperaturele from the cabin temperature and the approach temperature using the

following expressions:

Qucunic = C1 + CoTg + CuTZ + C;TE + (Cs + CsTg + CgTE)Te + (Co + CoTp)TE +

C,T§ (6)
Picunit = C1 + CoTg + CuTZ + C, T3 + (C3 + CsTg + CeT2) T, + (Co + CoTy)TE +
CiTg + Pran (7)
Tg = Teapin — Tapproach (8)
Tc = Tambient 9

The air conditioning unit calculations are predicated on the assumpé#bthé cabin
temperature is regulated to within a small temperature bane Wil truck is being
driven, and therefore, when the cabin climate control systened foowing main
engine shutdown the cabin is already fairly well climatatrolled, thus it does not

need to be “pulled down” from a high temperature. With the previagsrgsion it
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is concluded that a constant approach temperature of 11.1°C (20°F)asoaaiele

approximation.

In TRNSYS, specifically for the multi-zone building model (type,3tgating and
cooling loads are connected as ventilation loads with the output tdmpera
volumetric flow rate, and relative humidity as inputs. The followmegthodology

was used to calculate the input values:

The volumetric flow rate of the climate control unit was takemfimanufacturer’s
data as approximately 0.094/mand 0.189 fifs (200 cfm and 400 cfm) for the low
and high settings of the electric resistance heater, respgctivel 0.189 riis (400

cfm) for the air conditioning unit [29,55,56]. The number of air changes per hour was
calculated by the following expression:

ACH = Yeeu (10)

Vcabin

In equation 10, ACH is the air changes per hdurs the volumetric flow rate, and

Veanin IS the cabin volume [54].
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The CCU output temperature was calculated using the following expression:

Q it
Toutput = C;Z_ZZ 2+ Tinet (11)

Here,Qcapacity is the cooling or heating capacity of the syst&nis the volumetric
flow rate, p is the air density, an@, is the constant pressure specific heat capacity of
air [57]. For heating calculations, the cabin humidity ratio suaeed constant;
therefore the entire heating capac@ycapacity is used for sensible heating. For
cooling calculations, however, discerning the proportion of the capas#y for
sensible versus latent cooling is not as straight-forward.augecthe CCU does not
use outside air, the difference between the CCU inlet an@togtnperature is
relatively small; on the order of 10 — 15°C (18 — 27°C). Because ofdiaisvely
small temperature difference, coupled with the desire to avaghdicant increase
in the computation time and complexity required to model the sensidldatent
cooling followed by sensible reheating process, it was proposed ta osaestant
sensible heat ratio (SHR). To do so, an average SHR had ttcblatesl, ostensibly
based on a standard convention. Using the ASHRAE Unitary Air-tonitig and
Air-source Heat Pump Equipment Standard temperatures [58] the semsablratio

is calculated using the following expressions:

Qsensible = I./CCUpCp (Thigh — Tstandard) (12)

Equation 12 was used to calculate the sensible load for Whighis the volumetric

flow rate of the CCUp andC, are the density and specific heat capacity of air, and
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Thigh and Tgandara  @re 35°C (95°F) and 26.7°C (80°C), respectively. The following

expression was used to calculate the latent load:

Qlatent = hngventilationp(wl - (‘)2) + Qlatent, occupant (13)

Here, hy is the latent heat of vaporization of wat@e,acion IS the ventilation
volumetric flow rate, p is the density of the ventilation aiy; and w, are the
humidity ratio of the inlet and outlet air, respectively, a('ngtem, occupant 1S the
latent gain of the occupant; 40 W for a quiet, seated person, acctodifgNSYS.

The SHR is calculated via the following expression:

SHR — Qsensible _ Qsensible (14)

Qtotal QlatenttQsensible

From the above values, the SHR was calculated to be 0.97, implyingirtiast the
entire capacity of the climate control system is used fasiBk cooling. This
conclusion is also supported by the fact that there is no mention of reheajinge(@e
to increase dry-bulb temperature after the latent load has bmewned) or humidity

concerns in the product literature.

The relative humidity was calculated using the psychrometmponent (type 33).
The temperature and relative humidity at the inlet of the olingantrol unit were
input into type 33, yielding the humidity ratio. As justified above, theitityratio
was assumed constant. The CCU output temperature and previolcsliated

humidity ratio were then used to calculate the relative humidity at the c@ét.

49



3.2.2 Power sources

In the preceding section, components common to both the APU and BPAPS
simulations were discussed. The following sections describeftbeedces between
the two system models: primarily the components that simillatpower sources for

each system.

3.2.2.1 Fuel-fired Auxiliary Power Unit (APU)

As much as possible, the APU used in this analysis was basedeopadicular
product [23]. This product was chosen because of the quality and amount of
information available. Also, its characteristics are neaatfegage of those surveyed

in terms of power output, fuel consumption, weight, capital cost, sentieeval, etc.
However, when supplementary information was required it was takem other

system brochures and manuals for products of similar power output, features, etc.

The selected APU operates at constant RPM and power output regard¢generator
load. The rated generator output at a constant engine rotatiahcfizd00 RPM is
listed as 35 amps at 120 VAC. The product literature does not spé@tiher or not
the current and voltage values are RMS values. Assuming theyharayeérage
generator power output was calculated to be 4.2 kW. From the esppoesheet,
using GetDat® graph digitizing software, the instantaneous fuel consumption at

2,400 RPM was observed to be 262 g/kW-h [59] or 2.28L/h

% The specific fuel consumption, 262 g/kW-h (0.5B8KW-h), is multiplied by the brake specific
horsepower output per hour, 7.4 kW-h, and multiply the density of diesel fuel 849.0 g/L (7.709
Ib/gal) [60], yielding 2.28 L/h.
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As a brief aside, from an energy efficiency and fuel consumiandpoint, an APU
that does not modulate power to follow the imposed load is not idetdiouggh it is
unclear from inspection of the product brochures and owner’s marfudls APUs
surveyed in this study, a number of systems appear to “load-folidewever,
specific information regarding engine power output versus fuel consumeduld

not be obtained.

The majority of currently marketed APUs feature both manualaatdmatic start
and shutdown. This particular model features three automatic modesgort
monitor, timer, and cold weather watch. Comfort mode uses thernmaltyprio
control the APU. Any time the cabin temperature gd&s above or below the set
temperature the APU starts and the HVAC system operateshattilemperature is
reached or for 15 minutes, whichever is longer. Timer mode, as the ingplies,
schedules startup and shutdown via a user-set timer. Cold weatdr mode
automatically starts the APU for a specified time when theient temperature drops
below a specified value to ensure the APU and main engine denebgold that
they will not start. This mode is used by APUs with block heatagpabilities. The
model created for this analysis operates on timer mode from8 @m. and 7 — 10

p.m., and comfort mode between the hours of 10 p.m. and 7 a.m.

In addition to calculating power and fuel values, the model V&s \aritten to

calculate the emissions produced during APU operation. The enssdata was

taken from the CARB emissions certification of the engine usethé APU [61].
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Specifically, the emissions gasses considered are the non-magthnearbons plus
oxides of nitrogen (NMHC +N@Q (6.2 g/kWh), carbon dioxide (3.5 g/kWi), and
particulate matter (0.24 g/kW) and are calculated as a function of brake horsepower
output. The quantity and composition of the exhaust varies greathyawmitimber of
factors including ambient temperature, fuel composition, and engimgpanent
temperature. The calculations made from these values are amband be a gross

estimation; a starting point for reference.

In addition to the APU component, there is also a component referredatégate”
in the APU model. The function of the gate is to block the output fremAPU to
the summation component during times when the APU is modeled aperating
(i.e. prior to 7 p.m. on Monday, between 8 a.m. and 7 p.m. on Tuesday through
Friday, and after 8 a.m. on Saturday) as the program calculates at all output

parameters for each minute of the year.

3.2.2.2 Battery-powered auxiliary power system (BPAPS)

The computational operation of the battery bank is as followsieiftotal energy
required by the CCU and cabin hotel loads does not exceed thé&yapdoe battery

bank, the component calculates the additional fuel consumption requirechtoge

the battery bank. If the combined electrical load is grahter the capacity of the
battery bank, the component calculates the fuel that would be requireplace the

entire capacity of the battery bank and the day is “flaggédflag indicates that the

number of batteries currently in use is insufficient to meetcpbiver requirements.
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The flag also shows how many additional batteries would be requaratket the

cabin energy demand (i.e. fewer batteries for temperatetes, more batteries for

more extreme climates).

As stated in the market review section in chapter 1, in comparbajtery-powered
system to other idle-reduction technologies, the fuel additionactrdumed by the
main engine in providing the energy necessary to recharge ttieeyllaank must be
taken into account. Without access to such information (if altarizdd versus fuel

consumption is even evaluated by manufacturers) the following methodoiagy

used to approximate the fuel consumption value associated with operating a BPAPS.

The average fuel consumption for a long-haul truck is approximatély km/L (6
mpg) or 3.9 L/100 km to use the European convention for fuel economy [16].
average highway speed is approximately 88.5 km/h (55 mph). In facy, fheah
tractors are governed to 96.9 km/h (60 mph). Assuming the energydandiesel
fuel is approximately 36.2 MJ/L [60], the energy flow to the engine is cééclta be

347 kW.

The additional power that the engine must produce to in order to recharbattery

bank is approximated by the following expression:

Pengine, additonal = (arated - abase)(VSystem)/(nengine * Natternator * nbattery)

(15)
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In equation 15a4 IS the rated amperage of the truck’s alternadgis is the
average base load on the alternator used to run vehicle elesirdgien is the
system voltage, angygine, Naiternators @NANpaicery are the engine, alternator, and

battery recharge efficiencies, respectively.

The battery recharge efficiency is a function of the stdteharge (SOC). The
charging efficiency decreases the closer to it is to fahprged, especially for
batteries that are only discharged to 30% of their capacityedbedgharged [62]. In
this analysis, of the 660 amp-h available in the battery bagklaredischarge is
typically less than 200 amp-h, so charging efficiency consideratiotiss sort are
germane to this analysis. Again, using the GetBatgaph digitizing software, the

linear curve fit yielded the following:

Npattery = —1.452 * 50C + 1.871 (16)

Epank capacity —Edisharge
S0C = pacity g (17)
Epank capacity

Below SOC of 0.6, the charging efficiency is assumed to be approximately .100%
Above 0.6, the efficiency is calculated using equation 16 up t80&hof 1.0 (no

discharge).

For example, an alternator rated at 185 amps is recommended for banks sysfigms of

to six batteries, which is generally enough energy capaatymeet cabin
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requirements in moderate climates. Assuming a base load of 114" aampsengine
efficiency of 40% [1], an alternator efficiency of 65% [8], andbaitery recharge
efficiency of 75%, the engine must consume an equivalent of 4.6 k¥ebfto

provide 900 W of battery recharging power for a 12 VDC system.

Assuming a linear relationship between power output and fuel consumgitieasia
over small variations, the following expression is used to approxithatassociated

decrease in fuel economy:

FEreduced = Eflow/(Eflow + Eflow+additional load) * FE (18)

To continue with the previous example, the reduction in fuel economgadysthe
increased alternator 10a€E, . ,cti0n 1S €qual to 0.04 km/L to yield a reduced fuel
economy of 2.51 km/L. Finally, to calculate the fuel consumed iharging the

battery bank the following expression was used:

1 1 ) " Etotal required to recharge
PP

fuel FEreduced FE highway

er hour charging capacity of the alternator
(19)
In equation 19, the first term on the right-hand side of the equalregesents the

additional fuel volume per unit distance, the second representstéheamount of

Y“The alternator base load was estimated from taeatitre assuming a 185 amp alternator is
recommended for a bank of 4, 110A-h batteries. hReging time is stated at 6-8 hours. Assuming 7
hours to recharge at 20 amps per battery, thelbadevas estimated to be 110 amps.
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time the alternator must produce the recharging power level, anditthé¢erm is the
highway speed of the vehicle. Given the previously calculated inflarmednd
assuming an energy deficit of 4 kWh is needed recharge theybl#tek, the fuel

consumption amounts to 2.52 L (0.665 gal).

Once calculated, the values output from the TRNSYS simulations are enterduinto t

appropriate cells in the macro-enabled worksheet described in the followtranse
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3.3 Cost comparison model

The cost comparison model was originally developed as a stand-alone program for
estimating the cost savings between idle-reduction technologies. Howengrthes
preceding models to refine estimates of operating hours and fuel consumption, it was
employed as a second stage in the comparison process, adding an economic

perspective to the energy analysis.

3.3.1 Cost comparison model development

Considering every permutation of possible components within an idleti@auc
system would not provide a relevant or useful comparison (i.e. it wouldeaot
effective in terms of cost, space, or weight to install an A®d a thermal storage
air conditioner and a direct-fired heater). For the purpose of idietithe least-cost
option among the prominent competing technologies an Excel macro-based
calculation program was developed and six system configuratiolsciesen. For
the same reasons they were ultimately selected for trarssreulation development,
the APU and BPAPS were included in the cost comparison: tteeyha primary
competing complete energy systems in terms of cooling, heatimdy power. A
direct-fired heater and thermal storage air conditioningesystiere included in the
analysis although neither can be compared directly to tHé &PBPAPS because
they are not complete power systems. The partial systeengslso not directly
comparable to one another because they meet different requirenmehnéseanerely
included for reference. Additionally, the direct-fired heater was seldtcause it is
the most widely implemented idle alternative [7]. The therrstrage air

conditioning system was selected as the most promising currEmhagive to
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conventional air conditioning systems. Although TSE infrastructarstill in the
developing stages, it is widely considered in the literature. refdre, it was also

considered in the cost comparison.

3.3.2 Sensitivity Analysis

Considering the large numbers of miles, operating hours, and thdl dveetine of
this comparison, small changes in certain types of costs caralsgeificant impact
on the total cost and potentially which technology is the leastoptistn for a given
set of parameters. For this reason, a sensitivity analyass conducted. Each
variable was increased by 10% and the resultant impact on the watmliles was

analyzed.

The variables having the most significant impact on hourly cospagback period
were the equipment costs (2.7%), annual operating hours (4.6%), currenperic
gallon (1.1%), main engine highway fuel economy (1}*#%Equipment costs vary
significantly with the number of units purchased, geographic regime, of year,
purchasing source, etc. To address this, at least three price gqueveeobtained for
each system over as wide a geographic region as was poskisleould be noted
however, that cost information was quoted for a single unit, indudistallation
costs. Fleet prices could be considerably less due to bulk puaniésémultaneous,
multi-unit installation.  Annual operating hours, addressed previotslye been

shown to vary significantly with respect to operator behavior, flgstrating

12 Because each technology may be more or less isertsita given control variable, the sensitivity
analysis was used primarily for trend analysislu€a presented are averaged for all technologtes fo
lifetime hourly cost. The variables not mentioreraged less than 1% sensitivity.
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procedures, geographic location, etc [2]. For this reason, a p&d@megtdy
involving a range of operating hours is included in the resultsosecEuel price also
has a strong influence on the cost/benefit of idle-reduction technolsgcording to
the U.S. Energy Information Administration (EIA), the average, ohvhay price of
diesel fuel was $0.76 per liter ($2.88 per gallon) in 2007. Pricegxrected to
increase to an average $0.91 per liter ($3.45 per gallon) in 2008 ana &@8% per
liter ($3.22 per gallon) in 2009 [47]. Despite the projected drop in on-higHisagl
prices next year, it can be reasonably assumed that thel dxemdl of diesel prices
will continue to increase. Due to price projection uncertainty, the riselicdaewas
accounted for using an annual cost escalation rate and a paratuglyiovith respect
to this variable is also contained in the results section. Tievhigfuel economy of
a long-haul truck can vary with a great number of factors. Howéveraverage
value is agreed upon to within a reasonably narrow range by a nufrdmarreces [2,
7, 16, 42]. Therefore, 2.55 km/L (6 mpg) is taken as the average véhetle

economy without variation.

Idle-reduction system service life also has a considerablectnga the cost of
ownership. However, publicly available information on expected e is

extremely limited. Third-party information was used wheneweilable to discern
the expected life of a system. When unavailable, equipment waed to last the

length of ownership.
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3.3.3 Nomenclature

The following variables were used in cost-comparison calculations.

AD Annual Distance

AE Alternator Efficiency

ALE Alternator Load on Engine

AOD Annual Operating Days

AP Alternator Penalty

API Alternator Penalty Index

APU Auxiliary Power Unit

BLA Base Load Amperage

BPAPS Battery Powered Auxiliary Power System

CcC Capital Cost (including component replacement)
CvC Cumulative Variable Cost (idle-reduction technology)
DBO Distance Between Overhauls

DCH Daily Charging Hours

DFH Direct-Fired Heater

DTO Days To Overhaul

DTO_I Days To Overhaul, Idling

ECVC Engine Cumulative Variable Cost

EE Engine Efficiency (highway)

EMY_| Effective Miles per Year Idling

EVC Engine Variable Cost (annual)

FE Fuel Economy

HEO Hourly Engine Output

HFC E Hourly Fuel Consumption, Engine

HMD Hourly Maintenance Degradation (charge)
HS Highway Speed

IMPD Idling preventative Maintenance cost Per Day
LHV Lower Heating Value (fuel energy density)
PMSC Preventative Maintenance Service Charge
PPG Price Per Gallon

RAA Rated Alternator Amperage

OHCPY Overhaul Charge Per Year
OHCPY _I | Overhaul Charge Per Year, Idling

OB Onboard (TSE)

SP Shore Power (TSE)

SV System Voltage

TS Thermal Storage Air Conditioning System

VC Variable Cost (annual, idle-reduction technology)
W Weight

WP Weight Penalty

WPI Weight Penalty Index

Y Year (current)
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3.3.4 Calculations

In general, the cost-comparison macro calculates the operatingaanigtnance costs
for each year. To this, it adds a weight penalty derived framsporting the added
payload as well as an alternator penalty as previously destuShese variable costs
are continually summed, making adjustments for monetary inflatiowghsas fuel,

service, and labor cost escalation. In addition to these variagig, the model adds
the capital costs associated with initial purchase and componestaegnt over the
lifetime of the system. The cost of components replaced after initidigee@re also

adjusted for inflation.

The expression used to calculate the operating costs is as follows:

OC =HSC * AOH + CF * AOD + HFC_E * AOH * PPG + HE@ * AOH * PPG + HFC_H * AOH

* PPG * HDP / 100# (20)

The first term to the right of the equal sign in equation 20asservice charge costs
associated with TSE. The second term is the initial connectrcliarged by
onboard TSE purveyors. The third term is the main engine fuepeodtour. The
fourth term is the APU fuel cost per hour. The fifth tesmthe fuel cost for the

direct-fired heater, adjusted for the number of annual heating days.
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The maintenance cost for each system and/or component is tall@duaction of

operating hours using the following expression:

SMC = AOH / SSI * SPMC * INF ~ (Y - 1) (21)

In other words, the annual system maintenance cost is equal nartiier of times
per year the maintenance must be performed, multiplied by ehecieg cost,

adjusted for inflation.

The cost savings associated with main engine idle avoidanceleutatsl using the
ATA TMC RP 1108. However, instead of applying an hourly savings to iebe-
reduction technology, the costs are included as a penalty adernsageline case of
main engine idling. Equation 22 is used to calculate the idling ptave

maintenance costs per day (IPMC/D) [10]:

PMSC _ PMSC
62

IPMC/D =

(22)

PMSC is the preventative maintenance service charge. Timmedsnterval without
considering idling is 62 days; considering idling, the interva¢dsiced to 43. This is
based on an oil change interval of 40,200 km (25,000 mi) and an averagealaly
distance of 650 km (400 mi). TMC RP 1108 assumes $100 per oil changevefiowe
this figure is provided from a fleet perspective, and may also l#atedt The
current cost of PM servicing is near four times that amount forindividual
owner/operator including an average of 3.5 hours of labor and $100 in parteeand f

This results in a significantly higher hourly penalty.
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TMC RP 1108 also provides a method for calculating idling overhaul costs per day by

calculating the effective miles per day idling:

EMY_I =FE * AOH * HFC_E (23)

Here, the effective additional miles per year due to idling fisnation of the fuel
economy, the annual operating hours, and the hourly fuel consumption dfitige i
engine. In the following expressions the distance to overhawldslated for the
idling case using the effective idling miles, equation 24, andfalsthe non-idling

case, equation 25:

DTO_| = DBO/ (AD + EMY_I) (24)

DTO = DBO / AD (25)

The overhaul charge per year of the idling and non-idling isasa&lculated using the

following expressions:

OHCPY_| = OHC / DTO_| (26)

OHCPY = OHC / DTO (27)

The idling overhaul cost per hour is calculated using equation 28:
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HMD = (OHCPY_| - OHCPY) / AOH (28)

Similar to the idling preventative maintenance costs per day; Ri# 1108 assumes

a $5,000 overhaul charge is incurred every 805,000 km (500,000 mi). Again, this
figure is from a fleet maintenance perspective. From an owperdtor's point of

view overhaul costs regularly exceed $10,000. Additionally, technology
implemented since the publication of TMC RP 1108 in 2003 has pushed the overhaul
life of most engines beyond 805,000 km (500,000 mi) to more than 1,207,000 km

(750,000 mi).

The weight penalty is calculated using a fuel efficiency a@afion versus weight
index [9, 10]. Using GetDatagraph digitizing software, a second order polynomial

curve was fit yielding a weight to fuel efficiency degradation catiah of:

WPl =3*107°* SW2 —6* 10°* SW (29)

Here, WPI is the weight penalty index and SW is additionaksysteight added by
the idle-reduction technology. The cost of the weight penalippsoximated using

equation 30:

WP = AD* PPG* [i——l j (30)
FE FE+WPI

In the above expression, WP is the weight penalty, AD is the annual driving distance

of the vehicle, PPG is the price per gallon of fuel, and FE is the on-highway fuel
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economy. The alternator penalty is calculated using the same method as discussed i
the approach section; however the fuel amount is multiplied by the currenppric

unit of fuel to yield the cost.

After all of the variable costs are calculated for the totamber of years of
ownership, the fixed costs, including the capital and component replaceosts are
added to yield the lifetime total cost. This figure is dividgdthe total number of
idling hours to give the lifetime hourly cost. The payback periazlisulated using

the following expression:

If ecvc-cvc>cc then

P:(CC—(ECVC—CVC)j+Y (31)
EVC-VC

In equation 31, ECVC is the engine cumulative variable cost, CViDeisidle-

reduction technology cumulative variable cost, CC is the capitglwbgh includes
component replacement due to service life expiration, EVC is thentwyrear engine
variable cost, and VC is the current year idle-reduction technoelaggble cost. In
other words, if the variable costs accumulated by running the mginesless the
cumulated variable costs of employing the idle-reduction technaoggreater than
the capital costs associated with purchasing the idle-reductidmaiegy, the

payback period is calculated using equation 30.
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4 Results and Discussion

Because there was no test data from which to build the models pegeio this
analysis, validation cannot be performed in the strictest sddeaever, the model
results can be compared to other studies as well as manafacuata in order to
support the contention that the model behavior is representative of tiyg systems

they were created to simulate.

4.1 Energy system results

Both the APU and BPAPS models were run in TRNSYS for each of the five freight-
significant corridors described in the approach section for a time period of &8.wee
At six working days per week, this equates to 300 driving days per year, follywed
two week’s vacation over the last half of the month of December. The resulss are a

follows.

4.1.1 APU simulation results

Table 5 shows the total annual system operating time and fuel cpisarfor both

systems and for each of the five selected interstates.

R Operating Time Fuel Consumption (APU) Fuel Consumption (BPAPS)
oute
[h] [L] [L]

I-5 1,504.69 3,388.70 278.16

I-10 1,501.60 3,399.60 284.48

I-65 1,533.42 3,472.00 295.15

I-70 1,599.24 3,620.82 314.08

1-95 1,545.65 3,499.80 297.90

Table 5: Results for the APU and BPAPS Simulationfor Each of the Five Freight-significant
Corridors
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As shown, the average annual fuel consumption over the five routes is 3(918 L
gal). The majority of the APU market literature places hotukl consumption at
0.75 - 1.13 L/h (0.2 - 0.3 gal/h). However, this figure may be slightstemding.
For APUs with constant output, including the one modeled in this asalyss
average figure takes into account APU cycling during automaticemodhis is
supported by the specific fuel consumption being nearly twicedhertssed value,
2.28 L/h (0.60 gal/h). For this analysis, the hourly fuel consumption islatdd to

be 0.89 L/h (0.24 gal/hj, which agrees well with the manufacturer’s data.

The average annual operating time for all five routes is 1,536 hatwsh lies
between the survey results for average annual idling time cATRd (1,456 hours)
and UCD ITS (1,744 hours), and below the Argonne study estimates (1,830fdrour
the base case). The UCD ITS study also notes that the statelaation of their

data was quite large, on the order of 1,400 hours per year [2].

Although annual idling timé and annual operating hotitsare not technically
equivalent, they should be of the same order of magnitude. Thesddéebetween
the two definitions comes from the automatic scheduling featureaswl of starting

of the APU relative to the main engine. To use this analgsenaexample, of the

13 The daily operating hours, 13, multiplied by timmaal operating days, 300, equals the total annual
operating hours, 3,900. The total annual fuel oonsion, 3,476 L, divided by this number yields the
time-averaged fuel consumption, 0.89 L/h; the vaitevided by manufacturers.

The average number of hours per year a long-hack tvould spend with the engine running at idle
to power cabin electricity and climate control lead

15 The average number of hours an idle-reductioresystould operate to meet the cabin electricity
and climate control loads.
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3,900 hours the APU was turned on in automatic fodeperated just 1,537 hours.
Because the main engine does not turn on and off based on cabin poweérAmnd H
requirements, it must remain idling when the operator wishesjoy these features.
This implies that a deliberate choice is made as to when thatopeperates the
engine at idle; a choice he or she no longer needs to make d@&tadke-reduction
technologies like the APU. However, in order to compare therédlection
technologies against the baseline, there must be a common time irathe case of
the idling engine, idling hours are equivalent to operating hours.refiine in the
comparison to follow, all technologies will be compared with respeidling hours.
The APU will use the actual fuel consumption rates calculated uke previous
simulation, 2.28 L/h (0.6 gal/h) as opposed to the time-averaged yamaded in

the product literature, 0.75 — 1.14 L/h (0.2 — 0.3 gal/h).

With regards to a route to route comparison, the highest numbereafettliction
system operating hours were accumulated along I-70. The loygstrsoperating
time was accrued along I-10. This disparity can be explainetiebylifference in
route climate. I-70, running from Utah to Maryland, is both higher in averagyelalt
and higher in latitude than 1-10, which is the most southerly eastinesstate
traversing the US. This contention is supported by the monthly averamgs wilown
in Figure 6. 1-10 has the highest average temperature ovalidutes, whereas 1-70
has the lowest average monthly temperature for the majortheofear. 1-5, 65, and

95 run north to south, and therefore have a more temperate aviaregge.c In other

1% The annual operating hours are calculated by piyiitig the number of hours per day the APU is
operating, either running or in automatic mode,#3the number of working days in the year, 300.
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words, the weather extreme at one end is balanced by ther&g#enpeather at the

other.

Monthly Average Temperature vs.
Month of the Year
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Figure 6: Average Monthly Ambient Temperature AlongEach of the Five Freight-significant
Corridors of the US

As shown more distinctly in Figure 7, the heating requirement hasich more
significant impact on the operating hours and therefore the dnsumption than the
cooling requirement. This is due largely to the rigid daily scleedtithe simulated
truck. In the late fall and winter, the coldest part of theatzyrs at night, when the
APU or BPAPS is used to meet the cabin energy requirementsvevdr, in the
summer, the hottest part of the day occurs at mid-day or i &éelnoon when the

vehicle’s engine is used to meet the driver compartment cooling requirements.
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Annual Energy Consumption vs. Route

b\
N
i

|
N
N
N
N
N
//

424 424 - —— T~
— — —,g\\\ \| 450

—— s . = | I | T~ |

— — — . ~_

| s oy BN BN T 400
T — D — ~~_ I

— — — S !

— s Ly B B ~+ 350
e E— — D — ~ I

| — — S ~__ |

— - = = W N L 300
= = B B B .

— — . S — ~

B oy | [ — . T 250 —
— - — — [ — ~_ | <

— —— FE S — ~._ =

T . Ci e 146 ~+ 200 =
— — — — D . =

— B 1) 7 — i ——— l &

. T Ol e S S e
— — — B & | * W ]

— . <

B o, B 75 SR S S — w

\
I
1
‘I
|

[ TR T ..
| R | | -—
N\ [ | N | b
Hotel Energy . = mm s 19 &
N\ | . —_—
\ I— L | ———
Heater... \ - = T
. = —
ACEnergy ~ —  —

4 ®1-95 ®I-70 ®mI-65 =I-10 15

Figure 7: Annual Energy Consumption of Each of the "hree Types of Energy @nsumers: the
Air Conditioner, H eater, andCabin Electrical Loads

Figure 8 shows the annual estimated exhaust gassems for an APU not equipp
with a particulate filter. As the emissions levele directly proportional to tr
energy output, the model of the truck traversi-70 produced the most emissio
the truck traversing b, the least. Because there is no emissions detdalle
corresponding to the additional exhaust gas pratliceecharging the battery bar
the two systems cannot be compared in terms of-tank-tooutlet” environmenta
impact. Havever, as mentioned in the approach chapter, thssens value

displayed in Figure @re offered as a starting point for later refinetne

70



Exhaust Gas Emissions vs. Route
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Figure 8: Emissions levels ofNon-methane Hydrocarbons Plus Oxides of iogen, Carbon
Dioxide, and Particulate Matter for Each of the Five Freight-significant Mrridors.

4.1.2 BPAPS simulation result:

Figure 9 shows a significant fuel savings of theABB over the APU. For th
disparity there are two related explanations. tFthe battery charging system ol
produces the energy required to recharge the pditark, whereas the APU produc

much nore energy than the cabin load require:

The second is the higher efficiency with which thain engine generates electric
compared to the APU. As stated in the approachosedf the engine produce
power at 40% efficiency, the alternator puces electricity at 65% efficiency, and f

battery bank recharges at nea% average efficiency the overall fuel to electsic
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conversion efficiency of the truck is approximat2ll.0%. In comparison, the AF
consumes fuel at a rate of 2.28 L/h (0.tal/h) (equating to a fuel energy flow
22,963 W), and produces 4,200 W of electricity. This yield ful-load fuel to
electricity conversion efficiency of 18.3%, which on par with most engines of
size. However, if only1.6 kW of power i requred by the cabin (as would be {
case during the evening with the heater operatmthe low setting, for emple), the

efficiency drops to 7%.

Fuel Consumption vs. Route
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Figure 9: Fuel Consumption of the APUVersus the BPAPS for Each of the Five feight-
Significant Corridors.

70.262 kg/kwh multiplied by the break horsepowerrsd@HPh), 7.4 kWh, and divided by t
average density of diesel fuel, 0.849 kg/L, eq@a28 L/h. This value multiplied by the enel
density of fuel, 36.2 MJ/L, equals 22,963 W\
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4.2 Cost comparison

Using the calculated values from the APU and BPAPS simulafam®perating
hours (1,536) and fuel consumption (3,476 L for the APU and 294 L for the 8PAP
a cost comparison was conducted showing the relative advantagehobfetite
selected idle-reduction technologies in terms of lifetime pesthour, total cost, and
payback period. As mentioned previously, variables like fuekpennual operating
hours, and years of ownership can have a significant impact ooriacative costs
of an idle-reduction system. A simple parametric study aviged to demonstrate

the impact of these parameters on the lifetime hourly cost and payback period.

4.3 Assumptions
The following are the assumptions made for the calculations used in this stnalysi
e Price inflation is 3% per year on all components, services, and servicesharge
e All equipment installed at the time of purchase and subject to 12% FET
e Service life is equal to the life of the study unless shown to be shorter [10]
e The average vehicle operates for 300 days per year [2, 42, 43]
e Main engine fuel consumption at idle is 3.79 L/hr (1 gal/h) [2,42]
e The DFH hourly fuel consumption is 0.19 L/h (0.05 gal/h) [37, 38]
e The average number of heating days per year is 96 [7, 42]
e The average number of cooling days per year is 120 [7]

e The periodic service interval for an APU is 1,000 hrs [17-21, 23, 24, 44]
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e The relationship between increased weight and decreased fuel economy is
described by a second-order polynomial curve fit even at small increments (<
1% of gross weight)

e The total annual distance traveled is 193,000 km (120,000 mi) the majority of
which is on-highway [2, 7, 16]

e The average fuel economy of truck is 2.55 L/km or 39.2 L/100km (6 mpg) [2,
16, 42]

e The average trucks alternator efficiency is 65% [8]

e Main engine efficiency is 40% at highway speeds [45]

e Recharging efficiency is 75% as estimated in previous section for algavera
SOC of 0.75 [62]

e Average highway speed is 89 km/h (55 mph) [2, 16]

e Lower Heating Value for diesel fuel is 36 .2 MJ/L (130,000 Btu/gal)

e The base electrical amperage for the truck is 110 amps. This figure is
estimated from the additional alternator capacity required for a BRABS

advertised battery charging times as described in the preceding section.

Capital and service costs, hourly labor rates, and installation Wwevesattained via
an informal market survey conducted by telephone and compared abahgiarty
information when available [10, 42, 46]. See appendix A for more int@ma

including a detailed view of the worksheet variables and cost values.
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4.4 Results

Input Engine OB TSE | SP TSE APU BPAPS DFH TS
Number of Years (Y) 4 4 4 4 4 4 4
Lifetime hourly cost ($/hr) $4.44 $1.92 $2.35 $4.44 $1.78 $0.36 $0.90
Lifetime cost ($) $32,000 | $13,827 | $16,949 | $27,271 | $10,933 | $2,223 | $5,975
Actual payback (yr) N/A 1.1 0.0 - 1.4 0.2 0.7
Input Engine OB TSE | SP TSE APU BPAPS DFH TS
Number of Years (Y) 7 7 7 7 7 7 7
Lifetime hourly cost ($/hr) | $6.67 $1.88 $2.83 $4.19 $1.43 $0.28 $0.64
Lifetime cost ($) $84,002 | $23,698 | $35,636 | $45,057 | $15,366 | $3,044 | $7,771
Actual payback (yr) N/A 11 0.0 4.7 1.4 0.2 0.7

Table 6: Cost Comparison Baseline Engine Idling, Omoard Truck Stop Electrification, Shore
Power Truck Stop Electrification, Fuel-fired Auxili ary Power Unit, Battery-powered Auxiliary
Power Unit, Direct-fired Heater, and Thermal Storage Air Conditioning System

Using the listed assumptions, Table 6 shows the lifetime hourly Idesime cost,
and payback period for each of the idle reduction technologies. &aes yf
ownership used in this calculation, four and seven, correspond to the asgite |

of fleet ownership and individual ownership, respectively [7, 42].

Over the period of fleet ownership, Tablesbows the hourly cost of purchasing,
operating, and maintaining an APU is nearly equivalent to thidiegbrimary engine.
This is due primarily to the relatively small difference uelfeconomy, 3.79 L/h (1.0
gal/h) versus 2.28 L/h (0.6 gal/h), matched with the high capitalodgstirchasing
the APU. Over the lifetime of individual ownership, the APU costhmmur drops
with respect to the baseline as the effect of reduced fuel cptsmiwashes out”
the high capital cost of the APU. Figure 5 also shows thihieae parameters, fleet

purchases would not surpass the payback period for an APU.

The remaining technologies all have payback periods less thamiglené¢ of fleet

ownership. It is interesting to note that even with relative lugpital cost the
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BPAPS provides a quick return on investment because of its relatvefuel
consumption with respect to the baseline. Also interesting is fieeetice between
onboard and shore power TSE over the two lengths of ownership. As shdlwa, wi
3% annual service charge escalation rate, shore power TSE exielise onboard

decreases due to the decreasing effect of the initial equipment purchase cost

As shown in Figure 10, over the lifetime of fleet ownership, atdowual operating
hours, the APU is actually more expensive to operate on an hourlytbasighe
main engine, regulations aside. However, as operating hourasecrhe cost per
hour decreases as the impact of purchase price decreases. OnhBBaehd the

BPAPS are also more expensive than shore power TSE, initially.
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Figure 10: Operating Time Versus Lifetime Hourly Ccst Over Four Years of Ownership
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Echoing Figure 10, Figure 11 describes the period of individual owpershiterms
of the mobile, complete energy systems, the APU remains morensaxpeper
operating hour relative to the BPAPS. In the range of operating lalaslated
previously in this analysis, onboard TSE has near equivalent cosoperelative to
the BPAPS, assuming enough electrified parking spaces were béaita meet

operator demand.
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Figure 11: Lifetime Hourly Cost Versus Annual Operaing Hours for the Period of Individual
Ownership (7 Years)

Figures 12 and 13 display the effect of fuel price escalation rate tmé&faourly
cost for the timelines of fleet and individual ownership, respectively. Again, leecaus
of its more sizeable fuel requirement, the APU is affected to a gre&tet by the

rising price of fuel, though not as much as the baseline.
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As shown in Figure 14, the payback period is highly dependent on the mombe
annual operating hours. Specifically, technologies with highdoesumption rates
are impacted to a greater extent by operating hours than whitséow or no fuel

consumption rates.
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Figure 14: Payback Period Versus Operating Hours

By contrast, with the exception of the APU, Figure 15 shows little change in the
payback period with respect to escalating fuel prices. As fuel priceasectie
advantage of the APU over the idling engine makes a greater impact, driving down
the payback period, although it is to a lesser extent compared with the impact of
operating hours. Onboard and shore power TSE are not directly affected by

escalating fuel costs, although surcharge rates could increase if thiéhatasupplies
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energy to the terminals is powered by fossil fuels. The direct-fireeh&RAPS,

and thermal storage air conditioner decrease only slightly.

Payback Period vs. Fuel Price Escalation
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4.5 Proposed model improvements

The purpose of the simulations developed in this analysis is to apptextunaent
system operation, discern which idle-reduction technology has thepmuwsise for
wide-spread implementation, and provide a platform upon which futurensyste
improvements can be tested. The following section outlines possihlee fut

improvements to the models as well as areas for further research.

4.5.1 Further development of cabin AC electrical “hotel” load duty cycle

As mentioned in the approach section, the hotel load cycle for this mael
developed in the spirit of a residential electrical load cyciging electronic
equipment and their respective power ratings from published literatufe
considerable effort was made to acquire some feedback on the proposegatieit
though the pursuit was ultimately unsuccessful. An improvement omppi®ach
would be to survey the habits of long-haul truck operators with respect to freenfty
electronic equipment and power use to further refine the load cielen input from
a handful of operators would be beneficial. The impression of theraist that the
actual energy demand for hotel loads is probably smaller thamitené represented
in this analysis. Product literature suggests some of the em@gyy-intensive
electronic components listed in the surveys used to create theyhlgy[6, 7] are
available in smaller, more efficient models [63, 64]. It iDai®ore likely that the
electronic equipment presented in this analysis is used lespieftly than

represented; the television and DVD player are most likely nat igehe average
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operator five nights a week, as an example. For these reasons, feédimackhe

industry would be beneficial in making the model more realistic.

4.5.2 Further development of route weather files and operator schedule

Another instance in which industry feedback would be beneficial tis r@spect to
operator driving habits. Also outlined in the approach sectionTkhé2 weather

files used in this analysis are a mix of en route weather aang five of the most
freight-significant interstate corridors in the US. The purposating these files was
to better approximate the climatic diversity experienced lgng-haul truck more

reasonably than simply using the weather data for a single reportilog sta

However, modern fleets use GPS to track their trucks. Actualddesteribing trip
lengths, overnight stops, working hours, etc. would contribute enormousheto t
accuracy of the model. A component model could be developed to inpuPthe G
coordinates of the vehicle at any given time, find the nedM31®2 reporting station,
and output the ambient conditions to the cabin model. As shown in theysevi
section, assuming similar hotel load requirements, ambient conditiaypsha@ most

significant role in the energy consumption of the sleeper cab equipped truck.

Also, although long-haul trucks regularly traversing the countrnyesiine purpose in
this analysis of demonstrating the variation of energy requimesmeith geographic
region, this behavior is not necessarily representative of thegaveperator. For

instance, regional fleets would generally purchase idle-redu@guipment most
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suited to the climate their drivers encounter most frequentlys ifformation could
aid in tailoring future models and research efforts towardsra specific technology

or energy requirement.

Also pertaining to operator driving schedules, this model has a rigidgischedule;
8 a.m. to 7 p.m. six days a week. Anyone who has driven on an intefséaté p.m.
can attest that even the majority of truck drivers do not obsystfiedule. With the
considerable impact time of day has on the climate control loadd®lnfeaturing

some flexibility with respect to driving schedule would likely be more aceurat

4.5.3 Improvements to the APU component

Obtaining appropriate information to model an APU that is desigmezperate at
part-load is the first step in APU component improvement. A folowing APU
would certainly compare more favorably with other idle-reductiohrntelogy and

provide an interesting comparison against non-load-following models.

As it stands, the current APU component simply “senses” when ighare electrical

or climate control load, and calculates the fuel consumption and emissions. dfowev
it does not take into account temperature or altitude consideratlook can have a
considerable effect on power output and exhaust gas emissions |edaling
dynamometer and emissions data for a similarly-sized engméd contribute
greatly to the accuracy of the model. Also, test data desgribe temperature and

mass flow rate of the coolant and exhaust systems would provide ‘ealuabl
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information for use in the design of waste heat utilization tecigied such as fuel

warming in cold weather.

Similarly, as mentioned in the first chapter, several APUsifeanain engine block
warming systems. The current APU model does not have this dgatitinough
adding it would increase the accuracy of those systems whichvdd'¢@d weather

watch” automatic control functionality.

4.5.4 Improvements to the battery bank component

Like the output capacity of the APU, the battery bank capacitglse highly
susceptible to fluctuations in ambient temperature; losing as raschalf the
available capacity as temperatures fall from room temperaiureezing and below.
A battery’'s charge capacity is also greatly impacted bg thumber of
discharge/recharge cycles it endures and the rate at whishdischarged. The
current BPAPS model does not take any of these considerations coboin&
Including these calculations will not only increase the acgus&the model, but also
provide a better picture of how many batteries are required dgivenambient
conditions in which the truck is intended to operate. The inclusion of tatope
dependent capacity calculations would also facilitate the additioa bfattery
compartment climate control unit, outlined in greater detail inptioposed system

improvements section.
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At the current moment, the battery bank component program iswoittean energy
basis (i.e. the rate of discharge is not taken into account, onipehgyeremoved and
replaced). A more accurate component model would include the dischadge
charge rate calculations to facilitate total capacity calariatmentioned in the above

paragraph.

Perhaps the improvement with the greatest impact with respdue BPAPS model,
would be main engine test data for a truck engine describinguéhednsumption
rate and exhaust gas emissions production with respect to power outjht.deéda
could be used to verify the alternator penalty expressions ussicidate the fuel
consumption as a function of increased alternator output. The emissitansould
be used to compare the APU and BPAPS with respect to the taiahaof exhaust

gas material produced.
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4.6 Proposed system improvements

As demonstrated by this analysis, system improvements that worddhea greatest
impact can be generally ascribed to two related categaléeseasing cabin energy
requirements and utilizing engine and APU waste heat. The stedgenprovements
could be developed and tested using the preceding models to deterasibditie in

further research efforts.

4.6.1 Increase insulation thermal resistance

One of the simplest methods of reducing cabin power demand is &asecthe
insulation thermal resistance. As late as five to ten yagos sleeper cabin trucks
were built with U-values of 5.7 — 3.8 WK (R1 — R1.5). The cab used in this
analysis was based on a sleeper cab with insulation values of 12KNR4.6).

Increasing the thermal resistance would further reduce the cadtindhand cooling
load, reducing the size of the climate control unit, and thus teeo$ithe APU or
battery bank required to power it. For example, using the TRNSY Sl medeoped

in this analysis, increasing the insulation value to 0.56 #rtR10) would reduce

the thermal load requirement for the month of January along I-70plthest route of
those surveyed, from 158 kWh of heat to 112.5 kWh. This is approximately a 30%

energy savings during the coldest months of the year.

The truck manufacturing industry appears to be moving this directioever&

manufacturers are increasing their base model insulation andngfferemium

insulation packages at additional cost. The National RenewablgyEbaboratory
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(NREL) is also looking into methods of efficient thermal managemdnth include
increasing cab insulation, using IR reflective materials oregterior, implementing
advanced window glazes and shading, and utilizing waste heat sdumceshe

vehicle for climate control [65].

4.6.2 Utilize APU waste heat for cabin forced-air heating

One of the most obvious ways to increase system efficientwyteke advantage of
the waste heat being produced by the APU. At less than 20%tdfuelectric
conversion efficiency, there is plenty of waste heat to use. lihatad extent, waste
heat utilization is already available in the form of the irdégg coolant loop between
the main engine and the APU, allowing engine coolant warmethéyAPU to
maintain engine block temperature in extreme cold conditions. How@acket heat
makes up approximately half of the waste heat produced during APU operation. APU
exhaust gas could be directed through a heat exchanger, and thertmetdreould
be used for cabin climate control. This would be especidilgctive for units that
are designed to modulate their output power. An intelligent cosystém could be
employed to switch from electrical to thermal control prioas needed to power
cabin loads or maintain cabin temperature as required. If the Rd&&Jto run
regardless to power the heating system, be it electric#taace or forced-air,

providing energy equal to the requirement is a sure way to increase syfstemaf.
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4.6.3 Integrate battery systems with coolant recirculation pumps
Integrating two technologies that are currently on the markgt aiso provide a

simple solution to reducing cabin power requirements. As shown inrthlgsés,

decreasing the heating energy requirement is one of the mestiaff ways of
reducing the overall energy requirement. If the heating loadealisplaced through
the use of a coolant recirculation pump, even if the residual engimed@not meet
the heat load for more than a few hours, it could significantlycedbe energy
demand on the battery. This may also allow fewer batteriesusdit saving capital

investment, weight, and possibly fuel.

4.6.4 Thermal storage fuel heater

The waste heat, either from the APU or the main engine, coulddzkto regenerate
a phase-change material-encased thermal storage fuel tan&ddition to engine
starting in cold ambient conditions, one of the major complaints of rtluking

industry is congealed diesel fuel. Currently the fuel is thinnigd ether petroleum

products that are often more expensive and/or less energy dense than no. 2 diesel fuel.

Regenerated with waste heat recovered from the engine edyatesh or the APU,
the thermal storage medium surrounding a double-walled fuel tank poavide
enough warmth over the course of the shutdown period to keep the fuel from
congealing. This concept could be employed along with a smallcitgllation
pump to keep desorbed solids from blocking the fuel lines between the anditige

fuel tanks.
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4.6.5 Thermal storage battery compartment

Another instance in which engine waste heat could be used igémen@ting a
thermal storage medium surrounding the battery bank compartment. eisysty
discussed, cold ambient temperatures have a significant degradiecy @ the
capacity of the battery bank. Maintaining compartment temperatear room

temperature would maintain battery capacity in cold ambient conditions.

Similar to the previously suggestion, heat from the main engineusixicauld be
diverted to via a small heat exchanger and used to regengriaéseachange material
(PCM). The PCM would be sandwiched in between a double walled battery
compartment. Once the engine was shut down, the PCM would change from liquid to
solid, releasing the heat of crystallization into the batterypartment, maintaining

the space temperature above freezing. Once in use, the battayiggsoduce enough
internal heat to maintain a larger percentage of their totethtemperature capacity.
Such a system would add both weight and cost to the system ovemllevet, it

such a configuration allowed the system to meet the cabin enar@ndewith fewer
batteries, the increased costs of a thermal storage system mayebéyfisirchasing,

hauling, and regularly replacing fewer batteries.
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4.7 Future research

The Center for Environmental Energy Engineering at the Uniyas§iMaryland has
several on-going projects relating to cooling, heating, and powePY@kd fuel cell
technologies. Coincidentally, these are the two research ateels old the most

promise for idle-reduction technology development.

As outlined in the previous section, lessons learned from CHP researerms of
waste heat utilization could be applied to long-haul truck auxilianyer systems.
The design and testing of an APU in conjunction with a waste he&idf@ir heating
system, operated by a control algorithm designed to swittlieba thermal and
electrical load priority may offer significant system effncy increases and fuel
savings as a result. In recent years, small-scale wasat driven cooling
technologies have also received a considerable amount of attenticomination
with advancements made at Maryland with regards to compacexaanger design
and optimization, development of small, mobile heat-driven cooling praye

feasible.

Also, as U.S. industries consider alternative fuel technology neoieusly, it may be
a worthwhile endeavor to investigate idle-reduction technology adaptatsmme of
the more prominent renewable fuel alternatives. Considering beth #&d DFH
technologies, a test facility could be constructed to invdstighe operating
parameters of idle-reduction technologies that are fueled wlittrnative and

renewable fuels.
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Another area of interest to the university is solar systetrthieaheart of which are
banks of deep-cycle batteries. Investigating the capacigndiemce on ambient and
life-cycle conditions would be of interest to both solar resideatidl idle-reduction
systems researchers. The development of correlations degctifin interaction
would have a high value to future model development and has the potential f

frequent citation.

As mentioned in the first chapter, fuel cell technology has thenpalt¢o provide a
great increase in auxiliary power unit system efficiencyrtier increasing system
efficiency by utilizing the waste heat produced directly friva fuel cell, specifically
the high temperature fuel cells such as SOFCs, or as a proftize reforming
process is a subject area not widely considered in the literafvith the university’s
strong background in fuel cell development, the investigation ofevieestt utilization
methods for both mobile and stationary energy systems would betusalna

progression.
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5 Conclusions

The purpose of this thesis was to investigate the driving forces behind anti-idling
legislation, to compile a detailed and concise summary of idle-reductiomolegies,

to develop a transient simulation of the most promising of these technologies which
would enable the user to calculate the pertinent operating parameterseof thos
systems, and to develop a program that would offer the user the ability to congpare t

selected technologies against other prominent energy systems in econormsic term

The following list is a summary of the findings and contributions of this thesis

e Market review featuring a brief description system operation,sipaly
specifications, cost, and advantages and disadvantages relativdneto ot
systems

e Proposed hotel load duty cycle developed from survey information, variable
the day of the week, and in compliance with hours of service requirements

e Proposed methodology for simulating truck movement with respect to
ambient conditions

e TMY2 files created for five of the most freight-significantdrstate corridors
in the US

e TRNSYS simulation of a long-haul truck sleeper cab, the loadstiarh are
met by an APU

e TRNSYS simulation of a long-haul truck sleeper cab, the loadatiarh are
met by a BPAPS

e TRNSYS simulations yielded the following results:
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o 1,537 average annual operating hours for idle reduction system
operating along the selected routes

o An annual average fuel consumption of 3,476 L (917 gal) for a
constant-output APU

o0 An annual average fuel consumption of 294 L (78 gal) in recharging
the six deep-cycle lead-acid batteries used in the BPAPS

e Cost-comparison worksheet which incorporates six idle-reduction
technologies including onboard and shore power TSE, and APU, a BPAPS, a
direct-fired heater, and a thermal storage air conditioning eoinpared
against the costs associated with the idling of the truck’s main engine

e Cost-comparison calculations yielded the following results:

o The BPAPS is the least-cost option in terms of complete energy
systems (those that produce heating, cooling, and power) by $2.66 per
hour over the short-term and $2.76 over the long-term compared with
the APU

o0 The BPAPS has a payback period of 1.4 years

o Over the short-term, the APU does not surpass its payback period.
However, over the long-term, the APU does offer a savings benefit
compared with idling of the main engine, having a payback period of
4.7 years

o Annual operating hours have a greater impact on lifetime hourty cos

lifetime cost, and payback period than annual fuel price escalation rate
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o Despite significantly higher first cost, beyond approximately three
years of ownership onboard TSE costs less per hour than shore power
TSE assuming equal service charge escalation rates

o The direct-fired heater and thermal storage air conditioner both have
payback periods much less than one year. Neither are affasted
greatly as the other technologies surveyed with respect to lannua
operating hours or annual fuel price escalation rate

e Future research opportunities include:

o Development of an APU waste heat-powered forced-air heating
system in conjunction with a control system which selects thesmal
electrical priority depending on cab requirements

o Development of waste heat-driven cooling technologies for mobile
applications

o Investigation of alternative fuel use with idle-reduction technologies

o Development of battery system correlations which take into account
ambient and life-cycle conditions for use in solar PV systasnaell
as idle-reduction systems

o Fuel cell waste heat utilization for both mobile and stationary

applications
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Using the metrics defined in this thesis, the BPAPS appedrs the best choice in
terms of cost for complete energy systems. However, thetisalerf one idle-
reduction technology over another depends on a number of factors previously
discussed in this thesis. Which technology a trucking fleet, regimaasport
company, or owner/operator selects ultimately depends on the relative weiybgef t

factors, largely particular to the situation of the purchaser.
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Appendix A

Input Engine OB TSE SP TSE APU BPAPS DFH TS
Inflation rate (%) 3 3 3 3 3 3 3
Number of Years (Y) 7 7 7 7 7 7 7
Equipment Costs, Installed ($) $4,000.00 $10.00 $9,000.00 $6,000.00 $1,200.00 $3,800.00
Federal Excise Tax (%) 12 12 12 12 12
Hourly Labor Rate ($/hr) $80.00 $80.00 $80.00 $80.00 $80.00 $80.00
Labor Hours (hr)

#1 Component Replacement Cost ($) $125.00 $125.00 $125.00

#1 Component Replacement Labor Hours (hr)

#1 Component Service Life (hr) 12,600 5,400 12,600 4,608 4,608 12,600 12,600
#2 Component Replacement Cost ($) $1,500.00

#2 Component Replacement Labor Hours (hr) 0.0

#2 Component Service Life (hr) 3,840

Annual Operating Days (d/yr) 300 300 300 300 300 96 120
Annual Idling Hours (hr/yr) 1,800 1,800 1,800 1,536 1,536 1,800 1,800
Current Price Per Gallon ($/gal) $3.45 $3.45 $3.45 $3.45 $3.45 $3.45 $3.45
Escalation Rate (%) 10 10 10 10 10 10 10
Baseline Fuel Consumption (gal/hr) 1 1 1 1 1 1
Hourly Fuel Consumption, Engine (gal/hr) 1

Preventative Maintenance Service Charge ($) $480.00

Preventative Maintenance Service Interval (mi) 25,000

Overhaul Charge ($) $10,000.00

Distance Between Overhauls (mi) 750,000

Hourly Fuel Consumption, APU (gal/hr) 0.6

Hourly Fuel Consumption, Heater (gal/hr) 0.05

Heating Day Percentage (%) 32

System Service Interval (hr) 1000 1,800

System Periodic Maintenance Charge ($) $125.00 $110.00

Component Service Interval (hr)

Component Periodic Maintenance Charge ($)

Hourly Service Charge ($/hr) $1.00 $2.18

Service Charge Escalation Rate (%) 3 3

Connection Fee ($) $1.00

System Weight (lbs) 75 470 375 8 326
Annual Distance (mil/yr) 120,000 120,000 120,000 120,000 120,000 120,000 120,000
Fuel Economy (mi/gal) 6 6 6 6 6 6 6
Rated Alternator Amperage (amps) 185 165
System Voltage (V) 12 12
Alternator Efficiency (%) 65 65
Highway Engine Efficiency (%) 40 40
Daily Charging Hours (hr/d) 6 1.33
Highway Speed (mi/hr) 55 55
Lifetime hourly cost ($/hr) $6.67 $1.88 $2.83 $4.19 $1.43 $0.25 $0.54
Lifetime cost ($) $84,001.94 $23,698.38 $35,635.83 $45,056.82 $15,366.46 $3,181.88 $7,770.53
Actual payback (yr) N/A 1.1 0.0 4.7 1.4 0.2 0.7
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