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Abstract

The notorious fuel consumption and environmental impact of conventional diesel refuse
collection trucks (D-RCTs) encourage collection fleets to adopt alternative technologies
with higher efficiency and lower emissions/noise impacts into their fleets. Due to the nature
of refuse trucks’ duty cycles with low driving speeds, frequent braking and high idling
time, a battery-electric refuse collection truck (BE-RCT) seems a promising alternative,
taking advantage of energy-saving potentials along with zero tailpipe emissions. However,
whether or not this newly-introduced technology can be commercially feasible for a
collection fleet and/or additionally mitigate GHG emissions should be examined over its
lifetime explicitly for the specific fleet. This study evaluates the performance of a D-RCT
and BE-RCT in a collection fleet to assess the potential of BE-RCT in reducing diesel fuel
consumption and the total GHG emissions.

A refuse truck duty cycle (RTDC) was generated representing the driving nature and
vocational operation of the refuse truck, including the speed, mass, and hydraulic cycles
along with the extracted route grade profile. As a case study, the in-use data of a collection
fleet, operating in the municipality of Saanich, BC, Canada, are applied to develop the
representative duty cycle. Using the ADVISOR simulator, the D-RCT and BE-RCT are
modeled and energy consumption of the trucks are estimated over the representative duty
cycle. Fuel-based Well-to-Wheel (WTW) GHG emissions of the trucks are estimated
considering the fuel (diesel/electricity) upstream and downstream GHG emissions over the
100-year horizon impact factor for greenhouse gases. The results showed that the BE-RCT
reduces energy use by 77.7% and WTW GHG emissions by 98% compared to the D-RCT,
taking advantage of the clean grid power in British Columbia. Also, it was indicated that
minimum battery capacity of 220 kWh is required for the BE-RCT to meet the duty cycle
requirements for the examined fleet. A sensitivity analysis has been done to investigate the
impact of key parameters on energy use and corresponding GHG emissions of the trucks.
Further, the lifetime total cost of ownership (TCO) for both trucks was estimated to assess
the financial competitiveness of the BE-RCT over the D-RCT.

The TCO indicated that the BE-RCT deployment is not financially viable for the
examined fleet unless there are considerable incentives towards the purchase cost of the

BE-RCT and/or sufficient increase in carbon tax/diesel fuel price. From the energy use



v
evaluation, this study estimates the required battery capacity of the BE-RCT for the studied
fleet, and the TCO outputs can assist them in future planning for the adoption of battery-

electric refuse trucks into their collection fleet where the cost parameters evolve.

Keywords: Refuse collection truck, Representative duty cycle, WITW GHG emissions,
Total cost of ownership (TCO)
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Chapter 1: Introduction

1.1 Background
Rising environmental concerns have led to the impetus for decreasing the consumption

of fossil fuels to reduce greenhouse gases (GHG) emissions in energy sectors. Due to the
heavy reliance on fossil fuels, the transportation sector is a significant contributor to GHG
emissions and air pollutants, represents the first largest GHG emitter in the US and the
second in EU accounting for 28% and 25.8% of the total GHG emissions in 2016,
respectively [1], [2]. In Canada, in 2016 the transportation sector was the second largest
contributor to GHG emissions (closely following the oil and gas sector with 26% of total
emissions), accounting for 180.3 MtCO2¢q and 25% of total emissions with a 7% increase
since 2015 [3]. Within the sector, the majority of emissions are related to Road
Transportation including personal transportation (light-duty vehicles and trucks), and
heavy-duty trucks. The growth in road transport emissions are mainly due to an increase
of 38% since 2005 and most notably for trucks, to the total vehicle fleet and consequently
more kilometers driven overall [3]. Medium- and heavy-duty trucks are made up the second
largest contributor to on-road GHG emissions (36%) while heavy-duty trucks emitted
solely 30.6 MtCO2.q standing for 22% of on-road and 6% of the total GHG emissions,
respectively [4].

At the same time, an enormous amount of municipal solid waste is generated each year
which should be dumped in landfills or recycled/composted/incinerated. Waste is non-
hazardous materials discarded from any source including but not limited to garbage,
recyclable materials, organics, and bulky items [5]. In Canada, about 31 million tonnes of
solid waste is produced each year, and about 70% of it is disposed of accounting for about
25 and 2.6 million tonnes of disposal in 2016 across Canada and BC, respectively [6].
Either the waste is being dumped or recycled; first, it should be collected and moved to
landfills or other places to be treated appropriately (either recycled, incinerated, or
composted) [7]. This is accomplished employing the heavy-duty refuse collection trucks
(RCTs) while their energy-intensive operation is a significant contributor to not only the

total waste disposal costs (reported as 40%), but also the destructive environmental impacts
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[8], [9]. This has continuously challenged collection fleets to adopt alternative technologies
with higher efficiency and lower emissions/noise impacts within reasonable marginal
costs.

The results from an in-depth analysis of the vehicle’s energy consumption along with a
life-cycle assessment can be key decisive factors in the deployment of the alternative
technologies. Within the mentioned work frame, in this study, we evaluate the potential for
the deployment of a battery-electric refuse truck into an examined collection fleet through

an energy-use and life-cycle emissions analysis.

1.2 Refuse Collection Trucks (RCTs)
The refuse trucks are typically classified as heavy-duty vehicles with the Gross Weight

Ratio (GWR) of more than 15 tonnes, being considered as vocational vehicles with
appropriate on-board mechanical devices (lift, compactor) to load the waste [10]. They are
mostly operating on diesel trucks and depending on the application different configurations
for the vehicle can be found including front-loader, rear-loader, side-loader, and roll-off
refuse collection trucks (RCTs) by either public or private sectors [10]. Fuel consumption
and GHG emissions may vary considerably within the configuration of refuse trucks with
a noticeable difference in activity pattern, duty cycle and auxiliary power requirements, as
well as the fuel type [8]. Sandhu et al. evaluated in-use fuel consumption and emissions for
different types of refuse trucks [10]-[12]. Roll-off refuse collection trucks (RO-RCTs),
Figure 1, are large trucks primarily employed for commercial purposes to haul
construction/demolition and yard waste in significantly large weights [10]. They use a
mechanism to pull the container, typically between 10 to 30 m?, to the truck and transport
and drop the trash off at the dumping site. Within their activity pattern with the least amount
of stops compared to other types of RCTs and no need for compaction load, the fuel
economy of the RO-RCTs is higher than front-loader/rear-loader/side-loader with an
average about 55 L/100km [10].



Figure 1) 2002 Mack MR690S roll-off refuse truck [13]

Front-loader trucks, Figure 2, can be used for both commercial and residential purposes.
They have a mechanical lifting fork to lift about 100 to 200 containers a day, with an
intermediate size of about 2 to 6 m3 each. Their daily activity cycles have less stop-and-go
driving than rear- or side-loaders and more than roll-offs resulted in average fuel

consumption of 70 to 100 L/100km [11].

Figure 2) 2002 Mack MR690S front-loader refuse truck [13]



Rear-loader refuse trucks, Figure 3, are used commonly for residential purpose and
similar in weight, body and activity pattern to side-loader RCTs [14]. Rear-loader RCTs
may either have a lifting mechanism to empty the bin with about 130 to 360 liters trash
capacity or need an operator to empty the carts manually. The waste is compacted by a

moving wall operated through a hydraulic mechanical system.

Dhm Bl 5 RN RIR L SESRNG SRR

| Figre 3) 2018 ISUZU RR re—lader 4réfuse truck 13] -

Side-loader refuse collection trucks (SL-RCTs), Figure 4, the focus of this study, are
mainly operating in urban areas to collect residential waste. Their activity is mostly
comprised of traveling phase including urban/highway driving (from depo to the collection
site, from the collection site to the landfill, and from the landfill to depo) and refuse
collection, and the duty cycle is a complete cycle of collecting, transporting and dumping
the waste. They equipped with a side-arm, packer, and telescoping cylinders to pick-up,
pack and dump the trash. The arm and packer are operated by hydraulic components,
including a hydraulic pump, which in case of a conventional diesel truck it runs mostly on
a direct drive shaft from the engine [15]. In a day SL-RCTs typically collect 500 to 1200

mobile bins of 180 to 360 liters each, transport and dump the waste with a trip or two to
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the dumping site [10]. In this application, the engine is designed for running the vehicle at
higher speeds during the trips from and to the depo/dumping sites which leads to inefficient
use of the engine during the collection phase. Driving with low speed and frequent stop-
and-go, high idling time combined with body hydraulic loads through the collection phase
as well as the large payload transportation to the dumping site, the SL-RCTs have a
considerably energy-intensive duty cycle, and rank for the high level of fuel consumption
(80-120 L/100km) compared to other types of heavy-duty trucks (30-35 L/100km) [16].
Hence, their operation contributes to a significant rate of greenhouse gases emissions
(mainly CO2, N2O, CHay) as well as the air pollutants [8]. To control the tailpipe emissions,
the conventional RCTs are fueled with low-sulfur diesel and equipped with exhaust
catalysts devices, however, the device considerably increases the weight and
correspondingly fuel use and operational costs. In addition to their energy/emissions-
intensive operation, the conventional refuse collection trucks generate high noise levels

brought about noise pollutions and hearing problems for the operator [8].

|
& { ' .
Figure 4) Heil automated side-loader refuse truck[13]



1.3 Alternative Technology Refuse Collection Trucks
Currently, about 90% of refuse collection trucks are diesel-powered [10], but the low

efficiency operation and their consequence environmental impacts have emerged the
alternative technologies (e.g., CNG/ LNG, biodiesel, hydraulic hybrid, all-electric, fuel-
cell trucks) into this sector. Some technologies are already adopted into refuse collection
fleets such as CNG, biodiesel and hydraulic hybrid trucks with about 10% and 5%
penetration in the US, respectively [16]) and some are newly-introduced technologies to
the market such as all-electric and fuel cell refuse collection trucks [17], [18].

CNG refuse trucks are currently being used in refuse collection fleet with about 10% of
the total trucks and is considered to remain one of the primary alternatives for petroleum
displacement, estimated for about 50% of new refuse truck sales [19]. In a report published
by the US Department of Energy (DOE), it is estimated that operation of CNG trucks can
reduce the fuel costs and tailpipe GHG emissions by about 50% and 20%, respectively
[16]. However, the shorter range with a full-tank CNG truck than that of the diesel truck
as well as the CNG station availability and infrastructure costs are key concerns in
switching to this alternative technology while the latter may extend the payback 3 to 4
years longer [19].

The hydraulic hybrid technology is developed specifically for refuse collection trucks
and demonstrated an efficient alternative by recapturing the braking energy which is
generally wasted in a conventional refuse truck [20]. The regenerated energy provides
required hydraulic loads with the advantage of the engine being off during the idling time
improving the fuel economy by about 25% to 30% compared to a conventional counterpart
[21]. Currently, 69 hydraulic hybrids refuse trucks are being operated in Miami-Dade
Waste Management fleet in Florida, and three in Ohio in a demonstration project to
evaluate the potential in fuel saving through the improved technology [22].

With respect to the goal of zero tailpipe emissions, drivetrain electrification is the
alternative technology introduced the battery-electric, fuel-cell and hybrid-fuel cell/battery
vehicles, which the two latter are likely the long-term options being deployed in refuse
collection fleets [23]. Recently, Scania has introduced the first fuel cell refuse truck
powered by hydrogen fuel cell modules to run the electric motors providing both

propulsion and compactor power [18]. It is expected that the first fuel-cell refuse truck will
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be delivered to Renova, a Swedish waste management company, by the end of
2019/beginning of 2020. Previously, a 500-km fuel-cell electric heavy-duty freight truck
was developed by Scania in cooperation with a Norwegian food wholesaler [18]. However;
within the fuel cell technology, in addition to the challenges for fuel supply and hydrogen
filling station, the ability and reliability of the refuse truck in providing operational patterns
with repetitive stops-and-goes along with aggressive accelerations and heavy payload are

key factors which should be well-developed for adoption into collection fleets [24].

1.4 Battery-Electric Refuse Collection Trucks (BE-RCTs)
Within the refuse trucks application, drivetrain electrification can be a promising

alternative technology to depress the adverse environmental impacts of the counterparts
with significant emissions rates. Due to the nature of the duty cycle in a refuse collection
with low-speed driving, frequent braking and high idling time, battery-electric refuse trucks
can take advantages of significant energy savings, along with benefits of zero tailpipe
emissions and a considerable reduction in operational noise levels. Using the high-
efficiency electric motors and regenerative braking system, they are featured with lower
energy consumption and consequently operational fuel costs, as well as maintenance costs
due to fewer moving parts and fluids to change, and less brake wear compared to the diesel-
powered refuse trucks. The battery-electric refuse trucks (BE-RCTs) are newly-introduced
to the market and not still adopted commonly in collection fleets, except through few
demonstrations in the pilot projects.

Motiv Power System delivered the first all-electric refuse truck in the US to the city of
Chicago in 2014 [25], and the second demonstration to the City of Sacramento, CA, in
2017 [26]. They offer a scalable and modular design for BE-RCTs, which can be matched
to meet the duty cycle’s demand for battery-electric refuse trucks being retrofitted from
medium-duty to heavy-duty diesel trucks [26]. The Motiv BE-RCT operating in Chicago,
Figure 5, has ten battery packs with a 200 kWh energy capacity which can be charged in 8
hours using the Motiv fast charger system. It has a rear-loader body designed to meet the
Chicago collection fleet’s demand specified as a 100-km daily range and a payload

capacity of about nine tonnes in a day [25].
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Peterbilt also unveiled an all-electric class 8 side-loader refuse truck at WasteExpo 2017,
as the first battery-electric refuse truck offered by a US truck manufacturer [28]. The all-
electric Model 520, Figure 6, has the same chassis used in the diesel and CNG -powered
counterparts and equipped with a 300 kW TransPower powertrain and 315 kWh battery
capacity to provide it with a range of about 130 km [29].

Figure 6) Peterbilt, Model 520 all-electric side-loader refuse collection truck [29]

In 2017, the electric-vehicle manufacturer BYD introduced its first all-electric refuse
truck, a class 6 side loader truck, which is equipped with a 220 kWh battery powering both
propulsion and hydraulic systems and providing a 120-km range [30]. Followed by the

class 6, BYD also unveiled a class 8 fully automated side loader refuse truck, Figure 7,
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with a 295 kWh battery capacity ensure a 90-km range in addition to 600 pickups through

the collection phase [31]. The battery can use AC charging or DC fast charging systems
being charged in about nine or two to three hours, respectively [31]. It’s announced that
BYD will deliver two class-8 battery-electric refuse trucks to operate in Seattle in the first
half of 2019 [32], followed by a pilot project in 2017 to test the class 8 all-electric refuse
truck customized for operation in Palo Alto, CA, with al0-tonne payload and a 188-kWh
battery capacity ensures a 100 to 120 km ranges for the truck [33].

" THE BAY ARERS FIRST
AI.L ELECTRIC
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Figure 7) BYD 8R all-electric fully automated side-loader refuse coﬁection truck [33]

Moreover, Volvo Trucks presents two classes of battery-electric trucks to the market for
deployment in refuse collection fleets, as well as the distribution operations in urban area.

Volvo FL all-electric refuse truck is featured with a refuse collection body by Faun
manufacturer with gross weights of up to 16 tonnes, and equipped with an electric driveline
with a 130 kW electric motor (185 kW max power) and an onboard battery which can be
fit to 100 to 300 kWh energy capacity for a range of up to 300 km. In early 2019, an FL
truck, Figure 8, has been delivered to a waste and recycling company Renova, in Hamburg,
Germany [34], [35]. With a larger capacity, Volvo FE is rated as a heavy-duty 27-tonne
all-electric refuse truck equipped with an electric motor rated for 260 kW continuous power

and 370 kW peak power, a Lithium-Ion battery pack of 200 to 300 kWh capacity for a
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maximum range of 200 km. The 300 kWh empty battery can be fully charged with 22 kW

AC power in 10 hours or 150 kW DC power in 1.5 hours. It is announced that the FE truck
will be ready for deployment in European markets in the second half of 2019 [36].

Figure 8) Volvo FL all-electric refuse collection truck [17]

As presented, it can be seen that the trucking industry is ready to bring the developed
battery-electric refuse trucks to this sector, which not only they eliminate the tailpipe
emissions, but offer also a considerable improvement in operational features, e.g., fuel
economy, maintenance costs, and noise level. However due to their high purchasing cost
(usually two to three times as expensive as conventional diesel trucks [16] along with the
limited available in-use data, the waste private and public haulers may still be concerned
about the improvement potential and the feasibility of electrification for their collection
fleets. An energy and emissions life-cycle assessment can enlighten the implication of
battery-electric refuse trucks in a collection fleet, being set the primary purpose of this

study.

1.5 Literature Review
The notorious fuel consumption and environmental impact of conventional refuse

collection trucks lead to emerging the alternative fuel-powered vehicles (CNG trucks,
biodiesel trucks, hydraulic/electric hybrid trucks, electric trucks, etc.) to this sector. With
low or zero tailpipe emissions and higher efficiency, alternative technologies can reduce

the environmental impacts and/or the operational costs of diesel-powered refuse trucks.
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Some studies have been conducted to analyze the financial and environmental impacts of
adopting alternative technologies into collection fleets.

The studies mostly concentrate on fuel type of the truck to evaluate if the replacement of
diesel fuel with alternative technologies can both environmentally and economically
improve the operation. The majority of studies focused on the performance of the diesel-
powered refuse trucks and CNG trucks a more common alternative adopted into collection
fleets in recent years (about 10% [16]). Rose et al. (2013) assessed the life-cycle impact of
CNG refuse collection trucks compared to the diesel counterparts considering their in-use
operational data of a collection fleet operating in Surrey, BC, Canada. They used the
GHGenius modeling tool with a Canadian database to conduct the life-cycle analysis,
including both the fuel cycle and the vehicle cycle based on a 5-year lifetime. The
assessment was done to determine the cost-effectiveness of the CNG-powered over the
diesel-powered truck in terms of life-cycle cost per unit reduced GHG emissions
($/tCO2¢q). It was estimated that the operational energy use of the CNG truck is about 16%
higher compared to the diesel-powered, while the total life-cycle energy use was
approximately 3% lower due to higher energy required for diesel fuel production process.
The total life-cycle GHG emissions of the CNG truck was estimated 6.08 kgCO2¢q/km,
estimated about 24% less than the diesel refuse truck. A total lifetime cost savings of 330
and 650 $cap per reduced tonnes of CO2.q was estimated with no and 0.30 $cap per liter
diesel fuel tax, respectively. As a result, presented in the paper, with switching to CNG
truck although a net energy gain was not expected, the main advantages were the reduction
of the overall GHG emissions (about 24%), and a total lifetime cost savings of 330 $cap
per reduced tonne of CO2¢q excluding fuel tax. In parallel, some studies focused more on
emissions data captured from the tested engines. Walkowicz et al. (2003) conducted a
chassis-based testing analysis to assess the emissions performance of a fleet of refuse
trucks. In the study, it was determined that the tested Caterpillar C-10 CNG engine emits
less CO2 and NOx emissions, but more CO compared to the similar Caterpillar C-10 diesel
engine and considered the PM emissions were similar in both case. Some studies discussed
the fuel economy along with fuel types. Lopez et al. (2009) conducted a well-to-tank
(WTT) GHG emissions analysis of three types of diesel, bio-diesel 30% (B30) and CNG

refuse trucks from the collected operation data of a fleet in the city of Madrid, Spain. It was
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founded that the diesel truck has the lowest tank-to-wheel energy consumption with (27.39

MJ/km) followed by the CNG truck (28.56 MJ/km), and the B30-powered truck was rated
for the highest energy use with 31 MJ/km. However, the well-to-wheel GHG emissions
were estimated about 1.8 kgCO2cq/km, 2 kgCO2c¢/km and 2.3 kgCO2¢q/km for the CNG
truck, diesel truck, and B30-powered truck, respectively. Hence, it is found that the diesel
truck operates more efficient compared to the B30-powered truck with the same trend
compared to the CNG truck, while the latter can result in a total GHG emissions reduction
of about 13% compared to a diesel truck. The basis for the comparisons, the trucks’ type,
and the results vary significantly. However, results of these studies with a similar trend
shows that the CNG option has lower life-cycle GHG emissions, but may not necessarily
reduce the fuel cost. Furthermore, it is concluded that the low-carbon fuel alternatives emit
significant GHG emissions in some capacity, and exploring for a better alternative is
required to reduce the environmental impacts more effectively [37]. Zhao and Tatari (2017)
have conducted a hybrid life-cycle energy use and GHG emissions assessment of different
types of refuse collection trucks including the diesel, CNG, hydraulic hybrid, and battery-
electric trucks based on the literature referenced or manufacturer’s available data. The
hybrid LCA method has covered the common process-based LCA, also used in [38], and
the input-output analysis, by which the environmental impact of a product/process is
defined by the relevant multipliers corresponding to related industrial sectors. Based on the
results, and the CNG truck demonstrates the highest energy use, about 1.6 times greater
than the diesel truck due to the considerably lower fuel economy, resulted in a 20% increase
of the life-cycle GHG emissions in contrast to the results presented in [38]. For both trucks,
estimated tailpipe GHG emissions account for approximately 80% of the total GHG impact
of trucks, estimated about 800 tonnes of CO2¢q and 900 tonnes of CO2¢q for the diesel and
CNG trucks, respectively over a 10-year expected lifetime. The hydraulic hybrid refuse
truck was demonstrated the lowest life-cycle emissions impact due to its regenerative
braking system which reduce operation phase’s energy use and consequently tailpipe
emissions compared to diesel or CNG trucks, but the tailpipe phase is still contributed the
most to total life-cycle GHG emissions estimated about 600 tonnes of CO2¢q over the

lifetime [38].
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Muncrief and Sharpe (2015) have categorized the HDVs assessed their fuel consumption

and market in the European Union (EU) and compared the EU and the US fuel use trends
and markets for the HDVs. In the paper, the inventory data of the HDVs are categorized in
four vehicle’s types as tractor-trailer trucks, rigid trucks (including refuse hauling trucks),
buses and pickup trucks. Rigid/straight trucks follow tractor trucks have the second largest
market sales of the HDVs in the EU, which for both categories the market is dominated by
five European manufacturers, Daimler, Volvo, PACCAR, Volkswagen, and Iveco, while
the last three are also dominant in the US market. As discussed in the paper, the HDVs in
total emit 75% of the EU’s CO2 emissions and it is also growing in the EU. They have
suggested higher CO2 standards to change the trend while has been started in the US
market with efficiency improvements. Within the presented inventories, the trailer-tractors
accounts for 15% and 45% of the market sales while their fuel consumption are estimated
as 60% and 59% of the total HDVs’ fuel use in the US and EU, respectively. High fuel use
of the trailers in the US is due to the high average annual traveled km of trailers in the US
(191,000 km) which is 1.8 times higher compared to the EU (65,000 km). In case of rigid
trucks, they are estimated to for 13% and 31% of the market sales and 16% and 20% of the
total HDVs’ fuel use in the US and EU, respectively. The testing data has provided shown
average fuel use of 35 L/100km per truck in the EU, which represents a relatively constant
fuel efficiency over 2000 to 2014. However, as the paper has discussed, in the US fuel
consumption of the trailers has and expected to continue a downtrend between 45 to 30
L/100km through 2010 to 2030 due to the fuel efficiency improvements motivated by the
US regulations which is implemented in two phases.

Maimoun et al. (2013) have conducted a parametric analysis of factors that will impact
the deployments of advanced fuel technologies for Class 7 — 8 trucks through 2050, in the
US. It is concluded that the greatest impact in reducing diesel consumption and GHG
emissions of heavy-duty trucks is possible through the efficiency improvement for all
powertrains, especially the conventional diesels which has been considered to still be the
majority of the stock. As presented, the CNG trucks deployment is more dominant in urban
fleets e.g., while can be viable in private sectors. However, in a technology assessment
report released by the US National Research Council [39], it is analyzed that the fuel

efficiency improvement corresponding to the rolling and/or drag resistances have less
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impact on a refuse truck fuel use, while within high idling time and stop and go driving
cycle the hybridization would have a considerable utility for refuse truck application.

Ercan et al. (2015) have studied the impact of natural gas composition on the exhaust
emissions of a refuse collection truck on a chassis dynamometer over the William H.
Martin Refuse Truck Cycle. Their results reveal a higher fuel economy, CO, and NOx
emissions for higher hydrocarbons and consequently higher energy content gases, while,
the emission levels have shown increases over the higher speed and collection phase of the
refuse cycle.

Larsen et al. (2009) have analyzed the diesel consumption per tonne of waste using
measured data of fuel use of collection trucks in two municipalities in Denmark. They have
categorized the collection trips into 14 collection schemes, based on the type of housing
and the waste mass at each stop. Based on their result the diesel consumption per tonne of
waste changes between 1.4 to 10.1 Lp/t with n the collection schemes which is affected by
the distance between the stops and the amount of collected waste per stop affects average
fuel use between the schemes. The paper has presented that there is a significant reduction
by 60% in the environmental impact of waste collection trucks by the transition from the
Euro II standard to the Euro V standard between 1998 to 2008.

Talebian et al. (2018) have analyzed the CO; reduction potential through the road freight
electrification (by battery-electric and fuel cell electric vehicles) in British Columbia (BC),
Canada. In order BC can achieve its target to reduce the transportation GHG emissions by
64% by 2040, they concluded that 65% of conventional freight trucks should be replaced
by the all-electric counterparts corresponding to the 100% of the market sales as early as
2025.

To consider the vehicle’s operation conditions, some studies have discussed the effects
of the driving cycle metrics on life-cycle GHG emissions and fuel consumption, as well
[37], [40], [41]. Ercan et al. (2015) also conducted a hybrid life-cycle GHG emission
analysis of a battery-electric and diesel bus over three transit drive cycles Manhattan, CBD
(Central Business District), and OCTA (Orange County Transit Authority). It is estimated
that within the US electricity generation’s average GHG emissions (670 gCO2¢/kWh) and
depending on the transit drive cycle; the battery-electric bus may reduce the life-cycle GHG
emissions by 51-68% compared to the diesel counterpart. About the duty cycle
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development, few studies can find which have considered route and the operating
characteristics of refuse trucks, including both the kinematic and hydraulic operations [41],
[42]. The developed duty cycles can be a basis for analyzing the advantages of the
alternative technologies being deployed in refuse collection service and used by fleet’s
owners or manufacturers to develop energy improvement strategies. Ivani¢ (2007) has
developed a representative duty cycle of refuse trucks within a residential refuse collection
activity in New York City. The recorded speed, route, engine operation and fuel use data
has been analyzed to develop the micro trips representing several categories of the truck’s
activity. The representative duty cycle was developed to better understand the truck’s
operation and assess the potential of a hybrid hydraulic technology deployed in New York
City refuse truck service. In research conducted by Soliman et al. (2010), a methodology
to generate a representative duty cycle for refuse trucks including the speed trace, grade,
mass, and hydraulic loads has been developed. In the study, the data has been collected
from testing collection fleets operating in five cities in the US, and the
statistical characteristics and distributions of field data have been matched to the generated
duty cycles. The fuel economy over the developed duty cycles has been compared to in-
use fuel consumption, using the vehicle simulator, ADVISOR [43]. The results found that
the fuel economy estimates the average measured fuel economy for each testing city within
5% errors, except two cities due to loss of data during the collection time. In our research,
the adopted duty cycle in Soliman et al. (2010) has used as a basis in the development of
the representative hydraulic cycle, to better simulate the performance of refuse collection
truck more closely to its operational activities.

The GHG emissions impact of vehicle electrification significantly depends on the driving
conditions of the vehicle as well as the electricity grid mixture [16], [44], [45]. Tong et al.
(2015) have studied the life-cycle GHG emissions of medium-duty and heavy-duty within
natural gas pathways including the battery-electric vehicles (BEVs), and found that the
electric vehicles are the alternative that can achieve significant emission reductions for
medium-duty and heavy-duty trucks, and within the other alternative fuels (CNG and
propane) the GHG reduction cannot attain the BEV advantage. It was estimated that using
natural gas-produced electricity to power BEVs, a GHG emissions reduction of 31-40%

for medium-duty BEVs and 31% for heavy-duty BEVs can be predicted compared with
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gasoline or diesel counterparts. Lee et al. (2013) estimated the life-cycle energy use and
GHG emissions of the diesel-powered and all-electric urban delivery vehicles, and
concluded that over the New York City Cycle (NYCC) the reduction in energy use and
emissions are 31% and 42%, respectively which are higher compared to the City-Suburban
Heavy Vehicle Cycle (CSHVC) accounting for 5% and 19%, since the NYCC has a lower
average speed and more frequent stops relative to CSHVC. It is estimated that energy use
and GHG emissions ratios of BEV to diesel vehicle within ranges of 157 gCO2¢/MJ to
279 gCO2:¢/MJ electricity generation mixture vary between 48 to 82% and 25 to 89%,
respectively.

Zhao and Tatari (2017) have also predicted the impact of the electric power mixes on the
upstream emissions of electricity, and consequently, the effectiveness of battery-electric
refuse trucks in GHG mitigation. Based on the assumed fuel economy reported as the
manufacturer's data, the life-cycle energy consumption of the diesel truck (within 3.90
mpg, diesel fuel economy) is estimated about 15,000 GJ over the expected 10-year lifetime;
for the battery-electric refuse truck (within 3.33 kWh/mile fuel economy) it is accounted
about 20,000 GJ over the lifetime with respect to the Western Electricity Coordinating
Council (WECC) electricity power mix (composed of 25% hydropower). It was concluded
that the most contributor to the life-cycle GHG emissions of the battery-electric refuse
truck, likewise the life-cycle energy use, is the electricity generation phase. The total GHG
emissions of the battery-electric truck were calculated over 1200 tonnes, CO2q over the
projected lifetime, which is even higher than the rate for the diesel truck estimated as 1000
tonnes, CO2¢q over ten years. Although the all-electric truck has no tailpipe emissions, the
life-cycle analysis has demonstrated that it can bring environmental advantages where the
regional power generation source is primarily based on renewable resources with low GHG
emissions intensity. It is reported that, within the reference study LCA assumptions and
the US current average electricity source, the all-electric refuse collection truck does not
have a lower GHG emissions compared to the diesel truck, unless in the regional grid mix
a minimum share of 35% renewable energy and/or 50% natural gas power sources can be
allocated.

As described, Zhao and Tatari (2017) study involves a life-cycle energy/emissions

assessment of the newly-emerged all-electric refuse trucks, while the analysis has been
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done based on the manufacturer’s specification data. The literature is missing a
comparative study that evaluates life-cycle emissions of conventional diesel and battery-
electric refuse trucks based on the duty cycle’s energy requirements, which can cover the
operational activity of this type of vocational trucks. Since newly-introduced battery-
electric refuse trucks have still been deployed in a few pilot projects (described in 1.4), and
there was a lack for the availability of in-use data for the battery-electric refuse truck, in
this study we estimate energy use of the electric truck as well as the diesel truck through
a vehicle simulator tool, ADVISOR [43], to better assess the potential for energy
improvement and emissions reduction through the adoption of the battery-electric truck in

collection fleets.

1.6 Purpose of assessment and motivation
The impacts of climate change are noticed continuously which bring a strong need for

effective actions toward emission reduction and global warming control. The
environmental policies and pollution regulations along with rising fuel prices, urge the
emission/energy-intensive waste collection fleets to improve the fleet’s efficiency and
consequently reduce the emissions and operational costs.

This research involves a municipal refuse collection fleet operating in Victoria, BC, as a
case study. In 2010, the Saanich municipality committed to taking actions to move them
towards their 2020 GHG reduction targets addressing the climate change at the regional
level [45]. The 2020 targets have been set to a 33% GHG reduction in the community, and
a 50% reduction for municipal operations compared to 2007 as a baseline. With updated
targets in 2018, the actions have been continuously undertaken with the main focus in the
transportation sector and buildings to reduce GHG emissions by 80% by 2050 and shift to
a 100% renewable energy community [45].

The emissions data for the municipality reveals that the transportation sector is the largest
GHG emitter responsible for 52% of the district’s total emissions. It is increased by 7%
between 2007 and 2016, due to an increase in vehicle size and gaseous/diesel fuel use
within low fuel prices [45]. Effective actions to decrease transportation emissions are
required if the municipality tends to meet its climate target. To this goal, a set of plans both
in corporate and community-wide is undergoing through a Climate Action Plan [46].

Among them, some plans in the transportation sector are increasing the transportation
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system efficiency, reduction in municipal fleet fuel use, promoting multimodal
transportation, supporting the use of alternative fuel vehicles, e.g., PHEVs and BEVs by
provincial rebates and incentive programs, planning to design and install more charging
stations including DC fast charges. Within the municipality, the main contributor to the
transportation carbon footprint is related to the fleet’s diesel use in heavy-duty vehicles and
trucks. Early reductions incorporate GHG emissions are made by replacing the light-duty
fleet to more efficient vehicles and alternative technologies, e.g., deployment of EVs as
well as car-sharing programs, resulting in a 53-tonne of CO2eqgemissions reduction in 2017
compared to 2016 [46].

Within the heavy-duty vehicles it has been limited to switching to low carbon fuel
options (e.g., biodiesel) and still, there is a significant potential to reduce their fuel
consumption, which is account for 42% of Saanich fleet’s total fuel consumption [45]. That
encourage the municipality to monitors the market options for a further fleet replacement
that would enable them to reduce heavy-duty fleet fuel use and emissions, which remains
a constraint to achieve the 2050 corporate GHG reduction. Within the total HDVs, the
refuse collection fleet contributes to a 55% share of heavy-duty fleet’s fuel use and
consequently a significant carbon footprint. Deployment of a battery-electric truck with
zero tailpipe emissions can save annually about 20,000 L of diesel fuel per truck along with
a considerable reduction in GHG emissions, taking advantage of the 98% renewable-based
electricity in BC.

However, to perform an integrated assessment, detailed modeling is required to estimate
the potential impact and commercial viability of the battery-electric refuse truck
deployment from a life-cycle perspective. This, in turn, needs to develop a comprehensive
energy consumption modeling in parallel with an adopted duty cycle representative of the
fleet’s operational activities. Within the Saanich refuse truck fleet, the main focus of this
research is first to develop a duty cycle representative of refuse collection activity, second
to get a detailed assessment of energy consumption of the battery-electric refuse truck
compared to the diesel counterpart over a representative duty cycle, and finally estimate
the potential for total fuel savings and emissions mitigation of the battery-electric refuse
truck through an energy life-cycle analysis. Energy consumption of conventional and

battery-electric trucks is estimated with a vehicle simulator, ADVISOR [42]. A key point



19

of the vehicle simulation is to model the vehicle’s systems/sub-systems accurately, for
which the application of a refuse truck the hydraulic load (pickup/pack/dump loads) is a
considerable energy use component and should be applied through the representative duty
cycle. Thus, the comprehensive modeling of the trucks in the simulator parallel with the
developed duty cycle gives a better understanding of energy use of refuse trucks within
their vocational application. Moreover, estimating energy use over the duty cycle can
provide the necessary data for selecting the all-electric refuse truck with the battery
matched to the duty cycle energy demand.

By conducting an fuel-based GHG emissions analysis, the potential for fuel cost savings
as well as GHG emissions reduction of the battery-electric refuse truck is estimated over
the perspective lifetime. The fuel-cycle emissions analysis considers both upstream and
downstream GHG emissions of the diesel fuel/electricity, with which the impact of the
grid’s GHG intensity on upstream emissions of electricity can be examined. By conducting
the Total cost of ownership (TCO) assessment, it evaluates the competitiveness of the BE-
RCT compared to the diesel counterpart as well as its potential for operational cost savings
over the trucks’ lifetime. Moreover, the financial analysis can assist the Saanich
municipality in taking proper deployment plans for future replacement of diesel trucks in

their fleets.

1.7 Thesis contributions
This research presents an analysis of fuel consumption and GHG emissions of refuse

trucks, the conventional diesel and newly-introduced all-electric alternative. It examines
the benefit of the battery-electric technology adoption for a refuse fleet operating in
Saanich municipality in Victoria, BC; however, the assessment methodology can be used
extensively for other fleets in this application. The thesis’s specific research contributions
are summarized as follows:

e The study implements fuel consumption model for the refuse truck application using
the ADVISOR simulator. Vehicle simulation is carried out for two different
technologies; the conventional diesel and battery-electric refuse trucks. In
developing the simulation model, the vehicular parameters are being updated based

on the refuse trucks’ specification.
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e The research considers a case-study refuse truck fleet operating in Saanich
municipality in Victoria, BC, Canada. The fuel consumption model evaluates the
energy use of the D-RCT and BE-RCT based on the Saanich fleet’s operational
characteristics and annual utilization and determines the potential of the BE-RCT in
diesel fuel saving for the proposed fleet.

e This study proposes a refuse truck duty cycle, considering the stop-and-go nature of
performance along with their vocational application for waste collection. The
parasitic hydraulic load for trash collection/dump is considered and applied in the
auxiliary load (which is not specifically discussed in previous studies).
Correspondingly, the incrementally-added payload mass is implemented through the
time variable mass cycle. The trip route and road gradient data, which are not
available in the employed dynamometer driving cycle, are synthetized for a selected
collection area in the municipality as a case study. The total duty cycle is obtained
through the composition of the speed profile, grade data, mass cycle, and vocational
auxiliary load.

e A fuel-cycle GHG emissions analysis is conducted considering in-use GHG
emissions associated with the fuel production and distribution, as well as GHG
impacts associated with the consumption of fuel for D-RCT and BE-RCT. It
evaluates the WTW GHG emissions of both technologies and helps with estimating
the potential of the BE-RCT in GHG mitigation compared to the conventional
counterpart.

e This research gives the financial analysis of the D-RCT and BE-RCT to estimate the
annual operational costs as well as the lifetime ownership cost for both trucks. These
evaluate the competitiveness of the BE-RCT compared to the diesel counterpart for
the proposed fleet and help them with an informed choice for the deployment of the
BE-RCT in their fleet. The decision criteria for policymakers are recommended in
order to highlight the feasible deployment scenarios of the BE-RCT into waste

collection fleets.

1.8 Thesis overview
This chapter has provided an introduction to refuse trucks along with a literature review

on refuse collection trucks, as well as the motivation of doing this research. Chapter 2
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presents the methodology for developing the refuse truck duty cycle considering all
auxiliary load and configurations modeled in ADVISOR for diesel and battery-electric
refuse trucks to estimate the power flow and energy consumption in this application.
Chapter 3 assesses the energy use and fuel-cycle emissions analysis of both technologies
over the duty cycle, along with a sensitivity analysis investigating the impact of critical
parameters (the BE-RCT battery capacity, route grade, mass, and auxiliary load) on energy
use and GHG emissions. It also recommends an appropriate battery capacity for the
battery-electric refuse truck based on the adopted duty cycle. It ends with a TCO analysis
to estimate the feasibility of battery-electric refuse truck over the conventional counterpart
based on energy use and operational and maintenance costs. Chapter 4 summarizes the

thesis findings and proposes outlines for future research work.
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Chapter 2: Input data and duty cycle modeling

The primary objective of this study is to quantify energy consumption and GHG emissions
rates for conventional diesel refuse collection trucks (D-RCTs) and battery-electric refuse
collection trucks (BE-RCTs). To examine the performance and energy consumption,
models of both trucks are developed in the Advanced Vehicle Simulator (ADVISOR) [43],
and the simulation is conducted over a generated representative duty cycle for refuse
trucks. The simulation results provide a thorough overview of the performance of electric
trucks over the duty cycle in comparison to diesel trucks generally used in this application.
In this study, the modeling is done based on the data for a fleet of 13 refuse collection
trucks operating in Victoria, BC. The data shared through a collaboration between the
Saanich municipality and the University of Victoria. The simulation result of the diesel
truck is validated to the in-use fuel consumption of the municipality fleet. Moreover, based
on the captured fleet duty, the required battery capacity for an electric refuse truck is
estimated to assist the municipality in future planning for the adoption of battery-electric
refuse trucks. In following sections, we provide the fleet statistics data and describe how
the fleet representative duty cycle is being adapted and applied to the simulation model in

ADVISOR.

2.1 Adapted data: Saanich municipality fleet
The Saanich municipality owns 309 vehicles (LDVs, MDVs, HDVs, and equipment) in

total, with the overall fuel consumption and equivalent CO; emissions of 883,000 L and
2201.65 tonnes in 2017, respectively. A break-down of the fleet’s vehicle and operational
fuel use and emission rates, reported by the municipality are presented in Table 1 and
Figure 9. From late January 2018, the data for vehicle operation of the entire fleet was
stored on the server “Fleet Complete” [47], through which the activity data of operation,
such as average speed, max speed, traveled distance, moving/idling duration, and GPS data
is accessible. Out of the total fleet, there are 13 heavy duty refuse trucks, accounting for
27% of the total heavy-duty vehicles in operation. The fuel consumption of the refuse
collection fleet in 2017 is reported as 203,808 L of B5 diesel, which is about 23% of the
total fleet and 55% of the heavy-duty vehicles fuel consumption. The accumulated

kilometers traveled of 161,557 km is recorded in 2017 for ten trucks in operation. The
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assumed life-cycle of refuse trucks is about seven years. Having resupplied in 2014, the
next replacement time is expected to be in 2021.

Table 1) Saanich fleet statistics

No. of Fuel use % of | Tailpipe CO2¢ % of
Fleet % of total
vehicle (1000L/y)  total emissions (t/y) total
LDV 164 53% 339 38% 774 35%
MDV 41 13% 112 13% 293 13%
HDV 42 14% 369 42% 969 44%
Equipment 62 20% 63 7% 165 8%
Sum 309 100% 883 100% 2201 100%
Saanich fleet break-down Fuel consumption (1000 L/yr)

\

13% 20%
Other HDV 19%
10%
RCT
4%
LoV y
53%
=DV =MDV =Equipment Other HDV = RCT = LDV « MDV = Equipment Other HDV = RCT
a) Fleet break-down b) Vehicle fuel consumption

Figure 9) Saanich vehicle statistics: a) Fleet break-down, b) Fuel consumption
Table 2 and Table 3 [48] give the fleet characteristics and refuse truck’s specification,
used as a basis for the simulation of the refuse truck presented later in 3.2.1.

Table 2) Saanich refuse fleet specification in 2017

No. of truck 13

Type of truck Peterbilt 320
Fleet annual fuel consumption (Lp/y) 203,808
Fleet annual traveled kilometers (km/y) 161557

No. of trucks in operation per day 10 out of 13
Annual duty days per vehicle 234

Annual fuel consumption per vehicle (Lp/y) 20,380
Annual traveled kilometers per vehicle (km/y) 16,155
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Table 3) Refuse truck fleet specification

Equipment

Make Peterbilt (Labrie Automizer)

Model 320, Automated Side-loader

Year 2014

Licensed GVWR (kg) 28,123

Tare (kg) 15,070

Payload (kg) 9152

Transmission

Make Allison

Model 3000 Rds-P Trans Gen5

Type Auto 6 Speed

Diff. Ratio 6.14

Engine

Make Paccar

Model Px-9 370 hp

Size 89L

Horsepower 320@2000rpm

Fuel Diesel

Aux. Equipment

PTO Adapter- Front Engine Mount

Pump Parker Pump Model P350 Dual Output
Body (packing): 94.1 mL displacement, 2” Gear width
Arm (pickup): 83.6 mL displacement, 2.25” Gear width

2.2 Refuse truck duty cycle
Energy consumption of any vehicle depends on its driving and operational condition,

titled the vehicle duty cycle. Side-loader refuse trucks, the purpose of this study, are
generally used for waste collection purpose in residential areas and their operation includes
urban driving, highway driving, waste collection and dumping [8]. Their operation includes
low driving speeds with frequent stop-and-go and high idling time, vocational loads applied

for use of mechanical devices (lift, compactor), and large payloads, which brings about
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high fuel consumption and emission rates. Through the collection route, they travel
between pickup locations (residential houses), loads and compacted the trashes in the
truck’s body. The trash bins are picked from the side, lifted either manually (semi-
automated side-loaders) or automatically (automated side-loaders) by a mechanical arm
and flipped down to get the trash emptied into the truck’s hopper,

Figure 10 [14]. Through the dumping sequence, using the hydraulic power the tailgate is
opened and the truck’s body is lifted to unload collected trash by the gravity force, next the
body is lowered followed by the tailgate closure. The trash loading and unloading
sequences form the mass cycle of the refuse collection truck, which considers the waste
mass added incrementally to the truck during the collection phase and unloaded in dumping

sequence.

(b)

Figure 10) Peterbilt 320 refuse truck hydraulic arm operation: a) Reach a trash bin, b) Grab a trash bin,
¢) Lift/unload a trash bin
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In addition, the waste loading/unloading applies corresponding cycles of hydraulic

power required through the pickup/packing and dumping functions. The duty cycle of a
refuse truck, which should consider both the driving condition and the vocational operation
of the vehicle, is defined as a combination of road load variables (including the driving
speed and road grade) and the mass cycle along with corresponding hydraulic loads.
Following, the development of the driving cycle, as well as the mass cycle and hydraulic

load, will be described.

2.21 Driving cycle
The daily activity of a refuse truck consists of traveling phase, including trips from the

depo station to the residential collection area, from the collection area to the dumping site
and from the dumping site to the main depo, and the collection phase consists of the trips
through the collection routes, where the waste mass is loaded to the truck by means of the
hydraulic system.

Since one-hertz speed data of fleet’s trucks were not available, NREL Neighborhood
Refuse Truck Cycle (NRTC, Figure 11) [49] is used to develop the total speed profile data.
It is a chassis test cycle presented the operation of an automated side-loader refuse truck
and developed by the US DOE National Renewable Energy Laboratory (NREL) for the
Environmental Protection Agency’s (EPA) SmartWay program [49]. Selected cycle

metrics of the test is provided in Table 4:
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Figure 11) NREL Neighborhood Refuse Truck Cycle [49]
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Table 4) NRTC driving cycle metrics [49]

Ave
Time Distance | Avespd. | driving | Max spd.
Driving | (min) (km) | (km/h) spd. (km/hy | Stop (#) | Stop/km
cycle (km/h)
NRTC 30.55 9.16 18 34.6 96.5 60 6.55

The cycle consists of two collection phases, each taking about 665 s with 29 stops and
the traveling trips to and from the dump yard. We use these trips data as the sub-trips to
generate the total drive cycle of the refuse truck (Figure 14-a) including the collection phase
plus the trips from and to the main depo, the dump area, and the collection area.

For the purpose of this study, one of the typical operation routes of the truck id#18572
is used (Figure 12) to develop the total road cycle. The average data recorded for one month
(20 working days) operation of the truck, obtained from the ‘Fleet Complete’ server, is
presented in Table 5:

Table 5) Saanich refuse truck average activity data over a twenty-day working period

Ave Ave max
Truck no Time Distance Ave spd. driving spd Idle time
. (hr/day) (km/day) (km/h) spd. (km/il) (%)
(km/h)
‘18 572 6.66 63.4 10.1 26.5 36.2 61.8

The average daily trip distance is 63.4 km, including the traveling phase and collection
phase, through which about 670 household’s bins are picked up. The distance from the
depo to collection area is 4.1 km, from the collection area to dump 12.7 km and from the
dump yard to the depo is 8.5 km. Using the NREL collection cycle with 29 stops for each
collection segment, the total collection phase is assembled from 23 collection segments.
The road elevation data is extracted from the Google earth (Figure 13) and TCX converter
tool [50] and smoothed by applying a Savitzky-Golay filter [51] to capture the changes in
elevation and eliminate the errors. By applying the filtered elevation data through the
traveled distance, the grade profile is obtained and is combined with the speed trace to

define the driving cycle, presented in Figure 14-b.
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Table 6) Refuse truck duty cycle (RTDC) metrics
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s = =12 812 8|8 & o R g | = S & B
o 2 g a S lZ @ 2|7 S x A
RTDC | 290 | 65.5 96.6 13.6 26.6 | 48.4 | 669 | 10.2 | 3.2/8.8 | -3/-7.5

2.2.2 Mass cycle
Given the municipality report, refuse trucks are operating on a nine-day cycle every two

weeks. Out of 13 trucks, on each operation day ten trucks are in operation, five trucks for
the garbage collection, five for the organics collection, and the remaining three will be
spare. The only exception is for months of April to June when there will be an additional
truck in operation due to the extra organics loads. The average daily tonnage for operating
trucks is presented for each month in 2018, in Table 7.

Table 7) Average collected refuse mass (t/day) in 2018

2018 Average Total collected | Garbage mass Total collected Organic mass
daily tonnage garbage mass per truck organic mass per truck
January 38.76 7.75 32.19 6.44
February 34.62 6.92 28.48 5.70

March 35.06 7.01 32.24 6.45
April 38.92 7.78 43.19 7.20
May 38.88 7.78 50.39 8.40
June 36.81 7.36 41.93 6.99
July 36.68 7.34 36.05 7.21

August 39.02 7.8 35.2 7.04

September 40.52 8.1 36.52 7.30
October 36.45 7.29 38.26 7.65
November 39.09 7.82 39.25 7.85
Average 7.54 7.11
Mean of the
mean (per truck) 78

With one extra truck operating during spring months, the average daily tonnage of the

collected refuse is 7.83 t/day for each truck, adjusted for the simulation. To derive the mass
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cycle, it is assumed that the empty truck travels to the Collection Area, and through the

collection phase, one bin with an average of 11.7 kg is collected at each stop (household).

Next, the total waste mass is transferred and dumped to the dump yard, and the truck travels

back to the main depo.
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Figure 14) Refuse truck representative duty cycle a) Speed trace, b) Route grade, c) Mass cycle

A total average of 7830 kg has been considered in the simulation, and sensitivity analysis

will be presented in Chapter 4 to explain the effect of the loaded mass on energy
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consumption of the refuse truck. Figure 14-a, Figure 14-b, Figure 14-c present the adapted
speed profile, route grade and mass cycle of the refuse truck, respectively through a daily

operation as a representative RTDC.

2.2.3 Hydraulic load cycle
The hydraulic load consists of the overall required power for pickup, packing, and

dumping of the waste along a given route. For the purpose of this study, the pump model,
the required hydraulic pressure for refuse lift/pack/dump and the method for applying the
hydraulic cycle are adopted from [42], using the collected measured data of refuse trucks
operating in five different cities in the US. To develop the hydraulic cycle, a
pickup/packing micro hydraulic load is considered through each stop from one household
to the next one on the collection route. The micro hydraulic load is defined at each stop as
the power required for the pump to provide the hydraulic pressure, which either runs on a
direct drive shaft from the engine of a diesel RCT, power take-off (PTO) system or is driven
by an electric-motor in a battery-electric refuse truck. As reported in [42], depending on
the number of bins at each stop and operator function, different numbers of pressure spike
were found in each pick-up/packing cycle. The hydraulic dump cycle is considered once
when the truck stops to unload the waste at the dump yard. Based on the recorded dump
pressure sequences presented in [42] the total time for the cycle is about 260 sec with 200
bar maximum hydraulic pressure. The pickup/packing and dumping hydraulic pressure
sequences are presented in Figure 15 adopted based on the recorded sample cycles in [42].
The pick-up/packing/dumping power cycle is developed based on the mechanical power
corresponding to the pump outlet pressure. Figure 16 presents the manufacturer’s data for
the mechanical power required at the inlet shaft within the pump speed and specific gear
widths. The data provided in Table 8§ is based on the pump output flow at the maximum
rated pressure, 190 bar and 210 bar for the arm and body hydraulic system, respectively
[52].



32

140
120
100
80
60
40

20

pickup/packing hyd pressure (bar)

250

N
o
o

150

100

dump hyd pressure (bar)

(%2
o

50 100 150 200 250 300
time (s)

(b)
Figure 15) Hydraulic pressure cycles a) Pickup/packing pressure, b) Dumping pressure
In case of the diesel RCT, the pump speed considered the same as the engine’s and the
hydraulic power developed at the correspondent idle speed at each stop (650 rpm, based
on the engine specification data described in 3.2.1). Given the pump speed and the full-
load power at the inlet shaft, the proportional mechanical power is determined at each

pressure level representing the hydraulic cycles as shown in Figure 17.
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Figure 16) Pump input power at the maximum rated pressure [52]

Table 8) P-350 Parker pump, performance manufacturer data [52]

P-350 Parker pump Arm Body
Gear width (inch) 21/4 2
Rated pressure (bar) 190 210
Speed (rpm) Power @ inlet shaft (kW) Power @ inlet shaft (kW)

600 28 29
900 38 39
1200 47 49
1500 57 58
1800 66 68
2100 76 78
2400 85 87

33
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Figure 17) Hydraulic load cycles: a) Pickup/packing power, b) Dumping power

On a diesel refuse truck, the hydraulic pump can be disengaged, but typically it is
operating continuously, and the flow is adjusted through a relief valve. During the traveling
phase, with no pick-up/packing/dumping vocational load, the valve will be activated and
sends the unused oil flow back to the oil tank. The pump is turning at the engine’s rpm
during the transportation at pressures below 20 bar [52], which includes a low-pressure
hydraulic load added to the vocational load. Considering that the traveling phase takes
about 40% of the total trip, this parasitic power taken from the engine is still considerable.

Hence in the simulation of the D-RCT, continuous operation of the hydraulic pump over



35
the driving phase is considered in hydraulic load modeling to evaluate its effect on fuel

use. Ultimately, the total hydraulic load of the D-RCT is defined by applying the adopted
pickup/packing cycle through each collection stop, the dump load and the low-pressure
idle hydraulic load through the traveling phase, which is presented in Figure 18.
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Figure 18) Accessory hydraulic load of the D-RCT: a) Speed profile, b) Total auxiliary power, c)
Higher resolution of example auxiliary power including the hydraulic load

For a BE-RCT, it is assumed that the mechanical power required for
pickup/packing/dumping functions is the same as that of the diesel RCT, and the
corresponding hydraulic cycle is developed based on the required mechanical load and

efficiency of the auxiliary electric-motor. However, for the BE-RCT, the no-load operation
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of the hydraulic pump and the corresponding energy losses are eliminated as it is assumed

that the auxiliary motor will be turned on when the vocational hydraulic load is required.

The total vocational load developed for the BE-RCT is presented in Figure 19.
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Figure 19) Accessory hydraulic load of the BE-RCT: a) Speed profile, b) Total auxiliary power, c)
Higher resolution of example auxiliary power including the hydraulic load

Next section, the modeling approach input parameters for the simulation of RCTs will be

described in details.
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Chapter 3: Modeling and simulation
3.1 Modeling

As motioned earlier, in this study ADVISOR (Advanced Vehicle Simulator) [43] is used
to simulate energy consumption of conventional and battery-electric refuse trucks driven
on the representative duty cycle. ADVISOR is a set of models to simulate drivetrain
components of a vehicle to analyze the performance and energy consumption running in
MATLAB and Simulink environment. It can be applied to simulate different technologies
including conventional diesel/gaseous vehicles or the advanced-technology vehicles (i.e.,
HEV/PHEV/BEV, and fuel cell technology) over a variety of standard or developed drive
cycles. In addition to the standard models and drive cycles provided by the software
developer (NREL), flexible modeling can also be conducted by applying user-defined
drivetrain component blocks, control logic, and drive/duty cycles to simulate a vehicle. The
vehicle model composed of the component blocks is connected to the defined duty cycle
to understand how the power is provided with operations of the powertrain components
and estimate energy consumption over the duty cycle.

The total energy consumption is the summation of energy required to provide the tractive
effort, and the accessory loads should be estimated. In case of a vocational vehicle, e.g., a
refuse truck, in addition to the standard accessory loads, the vocational loads (e.g., refuse
pickup/packing, boom operation,...) can account for a considerable level of energy
consumption over the duty cycle. Thus for refuse trucks application the hydraulic load
cannot be neglected, and in the simulation, it is considered through the generated hydraulic
cycle described in 2.2.3. For the conventional diesel heavy-duty vehicles, another
noticeable term is fuel use when the vehicle is idling. In this study, the idling mode refers
to the period when the refuse truck is stopped and not supplying the vocational load (the
hydraulic pickup/packing/dumping loads) , but the engine is still on. In case of the battery-
electric truck, likewise the typical electric vehicles, this term is eliminated as the traction
motor is automatically turning off when the vehicle comes to a stop and restarting it
instantly when it is started to move. Summing up, the total energy consumption for the
refuse truck consists of energy required for the truck to meet the duty cycle includes the

road load, the hydraulic load, and the electrical/mechanical accessories.
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In the following section, we describe first the data flow path in ADVISOR and its

approach for estimating the required power from energy source, and next the configuration
and assumption for developing the diesel and battery-electric refuse trucks models is

presented.

3.1.1 ADVISOR approach
ADVISOR is a combination of backward and forward simulation, more closely to the

backward approach [43]. The backward simulation estimates the required torque and speed
of each component based on the requested wheel speed. It can provide the power demand
at each time step required to follow the specified duty cycle but is deficient in predicting
the maximum performance of the vehicle. The forward modeling is based on a driver model
that simulates driver commands to meet the duty cycle [53]. The engine torque is passed
down through the driveline and translated to a force to compute the vehicle speed at the
wheel. This model type can provide maximum effort calculations but are slow in
computing vehicle behavior [54]. Figure 20 and Figure 21 show the Simulink model of a
typical conventional and battery-electric vehicle, respectively presenting the data flow
between the components/blocks. The backward approach transfers the required
torque/speed/power to the upstream component. While the forward-facing model passes

the available torque/speed/power data down through the drivetrain.
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Figure 20) ADVISOR top-level block diagram of a conventional vehicle [55]
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Figure 21) ADVISOR top-level block diagram of a battery-electric vehicle [55]

In the following section, the ADVISOR approach to compute energy consumption is

described in detail.

3.1.2 Power flow description
Given the duty cycle, the force required to move the vehicle is defined at each time step

from the requested speed profile. The tractive force is required to overcome the road

resistance forces including aerodynamic drag, tire rolling resistance, gravitational force,

and inertia, which is presented below by the classic longitudinal road load equation [56]:
Fi = Fdrag + Frolling + Fclimbing + Fineria Equation 1

= E.pairCDAfvz + (Cro + Cr2.v%).c0S 0 .Myep. Z + Myep. g.5iN 6 + frr. Myep. Apos

where pg;, is the air density (kg/m3), Ay is the frontal area of the vehicle (m2), v is the
vehicle speed (m/s), C,o and C,, is the zero and second order tire rolling friction
coefficients, 0 is the road grade angle (rad), m,,y, is the vehicle mass (kg), f,,, is the mass
factor to convert the rotational inertia of the powertrain to translated mass and a,,; is the

vehicle acceleration (m/s?). The traction power is expressed as [56]:

1

P, =F,.v= > Pair Cp.Ap.V® + (Crg + Crp.v%).COS O . Myyep. 9.V Equation 2

+ Myep- g.SIN 0.V + fr. Myep. Apos. U

where P is the instantaneous tractive power to drive the vehicle at speed v. Depending
on the traction force, the vehicle operation mode during a period can be: traction mode (if
Fi > 0), or coasting mode (if Fi,- = 0), or braking mode (if F;,- < 0). During the traction
mode, the vehicle moves with speed higher than the coasting speed, and the tractive force

overcomes the inertia and resistance forces. In coasting mode, the vehicle propulsion
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system is not working, and its kinetic energy is decreased to overcome the resistance losses,
while the vehicle speed remains constant at the coasting speed. Through the braking mode,
the vehicle decelerates with speed lower than the coasting speed and the kinetic energy of
the vehicle is being dissipated by the brakes or can be restored partly with a regenerative

braking system. The braking power (Pp) is defined as:

Py = Fyp.V = frn. Myep. Qpeg. v —E.pair.CD.Af.v3 — Myep-g-Sinh.v Equation 3

—(Cro + Crp.1%).c0s 0 . Myep. g. v

where F), is the braking force, and a4 is the vehicle deceleration. In ADVISOR, the
regenerative braking system can be considered in the simulation. Through the modeling,
the traction motor operates as a generator and provides the braking torque to the wheels
being restored in the battery. The model is considered by a set of input parameters in the
wheel block: the driveline brake fraction and friction brake fraction. Of the total braking
force, a fraction is performed by the frictional braking and the rest by the driveline system,
which the latter is the braking energy that can be potentially regenerated. The captured
energy by the storage system is given by the driveline braking energy minus energy losses
of upstream components, transmission, motor/controller and battery). The parameters are
functions of the vehicle speed, provided in the data source in ADVISOR, which by default
the regenerative potential is considered higher at high speeds.

In the wheel/axle block, the linear speed and traction force are translated to rotational
speed and torque including the effects of wheel/axle rotational inertia, wheel/axle bearing
and braking drag for the torque losses and tire slip. The tire slip is a function of the vehicle
weight on the tire, speed, traction force, and slip coefficient of the tire. The wheel rotational
speed is calculated considering the tire slip fraction [31], as follows:

unreq = (1+ slipyre) 2 Bauation 4
Twh
where slip;;.. is the tire slip coefficient, and its corresponding parameter is used as an
input to the wheel/axle block in a set of data provided in ADVISOR. The maximum tire
slip limits the maximum transmissible tractive force. Thus within the maximum possible

acceleration corresponding to the limited traction force, the achievable required speed will
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also be limited. To estimate the max speed limited to the max slip, ADVISOR uses the

following equations at the maximum slip condition [31]:

Finertia,lim = Ftr,max—lim - Fdrag - Frolling - Fclimbing Equation 5

AVreqlim Equation 6
T - inertia,lim/mveh
Once it is checked that the tractive force and linear speed at the tire are in the limit ranges,

the required torque input to the axle is calculated as [31]:

Twh,req = Ftr,req- Twh + 7'—wh,loss +]wh- wwh,req Equatlon 7

where Fiy rqq 18 the required tractive force, 7,5 1055 1S the bearing and brake drag torque
losses, and J,,,1s the rotational inertia of the wheels/axles.

Given the required torque and speed at the wheel, the transmission block delivers its
torque and speed demand to energy conversion block considering the gear ratios and torque
losses of the gearbox and final drive, which is provided by the block data source. It gives
the required torque and speed of the drivetrain, which is provided by the conventional
engine or the electric motor.

The engine block determines the operating point of the engine required to meet the
transmission speed and torque requirements, the engine’s inertial losses, as well as the
mechanical accessory loads. The engine controller assures that the achievable speed and
torque are within the operating speed and torque limits, then they are used to estimate fuel
consumption and exhaust emissions by interpolating in fuel map, and emissions tables,
provided in ADVISOR from the manufacturers test data.

Within the motor/controller block, the required speed is limited to the motor’s maximum
speed ( Equation 8), and the max torque is limited between the minimum of the motor’s
maximum torque at the limited speed and the rotor inertia torque ( Equation 9). By
considering the required torque and speed, the required power of the motor/controller is
estimated by interpolating in the power map (Equation 10) subject to the controller
maximum current limit (Equation 11), The power map and allowable performance ranges
are provided in the lookup tables and block’s data source. The following equations describe

the computation steps [31]:

wmot,req,lim = mln(wmot,req' wmot,max) Equatlon 8
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Tmot,req,lim = min (Tmot,max' Tmot,req + ]wh' wmot,req,lim) Equatlon 9

Pmot,map = f(Tmot,req,lim' wmot,req,lim) Equatlon 10

Pmot,req = mln(Pmot,map' Icont,lim- Vbus) Equatlon 11

The required motor/controller input power should be provided by the batteries through
the power bus. The battery is the electric vehicle energy source providing the power
demand of the vehicle including the motors input power and the electrical auxiliaries. The
capacity of the battery is the total amount of charge in Ampere-hours (Ah), that can be
drawn from a fully charged battery, given that the current is reduced to maintain the
operating voltage in the range limits [31], which is affected by the battery temperature and
usage history. Various battery modeling approaches are provided in ADVISOR through
the energy Storage System (ESS) block, including an internal resistance model (Rint) used
to predict the performance of lithium-ion (Li-Ion) batteries. Rint model estimates the
battery’s temperature, voltage, current, and state-of-charge (SOC) at each time step. The
battery is considered as an open-circuit voltage (OCV) source series with a resistor I,
changing with SOC, temperature, and if the battery is being charged or discharged.

Given the current SOC and temperature, the open-circuit voltage (V) and resistance
(R) are interpolated in lookup tables and determined subject to a max power limit to assure
that the operating voltage (V},,s) does not drop below either the battery’s or motor’s
minimum voltage. The maximum power limit at the power-bus is determined by the
following equation [31]:

Voc = Vius Equation 12
Pbus,req,lim = Vbus-T

Vpus 1s either the battery’s or motor/controller’s minimum voltage limit. The current (1)
is calculated by solving Equation 14 which is derived from the power equation (Equation
13) considering the requested power at the power-bus and power losses, within the terminal
voltage limits.

Pbus,req = (VOC- I) —R.I? Equation 13

R.I? —Vye.l + Ppysreq =0 Equation 14
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Between the two results, the smaller solution should be considered to maintain the
minimum terminal voltage limit. Also, the power-bus voltage is defined by Kirchoff’s law
presented in Equation 15, as follows:

Vousreq = Voc- —R.1 Equation 15

The state of charge (SOC) algorithm determines by the total Ah change in the battery
(Ahygeq)- Ahyseq 1s calculated by the summation of all discharging and charging current
considering the battery’s Coulombic efficiency (Equation 16). The SOC is determined by
estimating the charged/discharged amp-hour (Ah) energy considering Coulombic

efficiency losses by the following equations [57]:

t

Ahyseq = JncoulombA-dt Equation 16
0
SoC = Ahpax — Ahysea Equation 17
Ahmax

The flow is negative if the battery is charging and positive if the battery is being
discharged.

The maximum capacity that a battery can deliver is a function of the discharged
temperature and usage history of the battery. The model used in this study includes the
thermal effects but does not consider the usage history of the battery. The lumped thermal
model considers the battery pack as a single module to predict the average internal battery
temperature and exit air temperature. Considering the internal resistance losses and the heat
dissipated from the battery surface, the average battery temperature is calculated by the
heat transfer equation:

‘ Qgen_batt - Qdiss_batt dt Equation 18

Tyate =
0 Mpatt-Cp,batt

where Qgen pase 18 the heat generated from the internal resistance losses (R1 ), Qaiss vatt
is the heat dissipation, my,q; is the battery mass and ¢, pq¢, is the thermal capacity of the
battery module. Qg;ss pare 15 defined as:

Tbatt - Tair

Qdiss_batt = Reff

(Qdiss_batt - Qdiss_batt) Equation 19

R, sris the module effective thermal resistance which is calculated by

Equation 20, considering both the conduction and convection heat transfers:
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Reff = ﬂ + H Equation 20
where k is the module thermal conductivity, h is the cooling air heat transfer coefficient,
A is the module surface area, and t is the module thickness.

When the battery temperature starts to exceed a set point temperature (35°C as the default

in ADVISOR), forced air cooling is considered, in which the heat transfer coefficient is

defined as hforceq = 17.23 (pﬂA)o.s’ otherwise estimated as h,, = 4 W/m?K. The

temperature is considered for interpolation of the open-circuit voltage and resistance from
the lookup data followed by estimation of current, and state-of-charge (SOC) of the battery.
Through the model described, the energy storage block estimates the battery SOC at each

time step and correspondingly the energy of the battery-electric vehicle.

3.2 Powertrain configuration
Refuse trucks are categorized as vocational trucks since they have an intense duty cycle

of the hydraulic system to lift, pack and dump heavy trash bins. Figure 22 and Figure 23
present diesel and battery-electric refuse trucks’ configurations which are used through the
simulation.

In conventional drivetrain, the internal combustion diesel engine provides the required
traction power, the hydraulic load and rest of the mechanical auxiliaries (A/C, air
compressor, engine cooling fan, steering pump). The speed/torque conversion is done by
the mechanical transmission (includes clutches, gearbox, differential, and final drive) to
provide the required speed at the rear wheels. Typically, on a conventional refuse truck,
the mechanical accessories are belt driven directly off the engine, and the hydraulic pump
is run on a direct drive shaft from the engine with the same speed as the engine and takes
the corresponding power of it.

The battery-electric refuse truck model includes the battery (energy storage system/ESS),
traction motor, auxiliary motor, and mechanical transmission. The battery provides the
power demands of the vehicle including the traction power and auxiliary loads.

For the battery-electric truck configuration, the regenerative braking is considered by
which a fraction of the kinetic energy can be stored in the battery during the braking mode.

In its configuration, two electric motors (EMs), the main EM and the auxiliary EM, is
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considered in parallel. The main electric motor is on when the vehicle is moving and either
supplies the propulsion power or recharge the battery as a generator, and the auxiliary
electric motor delivers power to feed the hydraulic load when the vehicle is stopped. The
parallel design of the two Ems allows both the main and auxiliary motors to be
appropriately sized and operate close to their nominal rate at high efficiency since the
hydraulic load is required just through the trash collection phase. In both configurations,

the electrical auxiliary-load (e.g., lighting, wipers, starter) are supplied by the battery.

.
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Figure 22) Configuration of the conventional diesel refuse truck
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Figure 23) Configuration of the battery-electric refuse truck
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3.2.1 Refuse truck models parameters
By using the model configurations described in 3.2, modeling of the component blocks

and corresponding inputs for diesel and battery-electric refuse trucks are developed in
ADVISOR. Figure 24 and Figure 25 show the component blocks containing input
parameters and data sources of the diesel refuse truck the battery-electric refuse truck
models. The diesel refuse truck is modeled compared to a Peterbilt 320 refuse truck
specification (Table 2, [48]) and for the battery-electric refuse truck, a class 6 all-electric
BYD refuse truck [31] is considered as a design reference for the component sizing. Table

9 presents the specification data of both trucks.

Vehicle Input

[version]|
[ Vehicle CHEE o
& comerter || - BRI ¢ | J
o B E :
L] oo W <]
o O [0
i L If
T S O S
T e 0 .S
Tt e
e Bl Bl e B
Componot prsctn T O OO
fuo comverter [ |_te_eficency e S 0 S
B " T I
1600 o= T | A wmeorne | R N weneny
1400 || & Accessory ‘C |ﬁ -C ACC_2Garbage -
ol == e O
£ 0| P20 2 oot |- B - B rovow B
-] | 036 lo4
g 800f | T () frontwheeldrive @) rear wheel drive .
° 600 | |
38
N s
AN ‘93‘ _832
200 jo2! 49:3'_&28_
800 1000 1200 1400 1600 1800 2000
Speed (rpm)

Figure 24) Component blocks of the diesel refuse truck model
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Figure 25) Component blocks of the battery-electric refuse truck model

With the reference models’ specifications, the appropriate sizing of components is
accomplished, and the input parameters for each component are selected from either the
manufacturer catalogs and data sources or the ADVISOR directory data. Following
describes the input parameters in detail. Trucks are configured based on a chassis weight
capacity for the U.S. class 7 gross vehicle weight ranges (11,794 —14,969 kg) [58]. The
chassis data is obtained from the data of a Kenworth T800 truck which is provided in
ADVISOR and used as a default chassis block for heavy duty class vehicles. The
aerodynamic drag coefficient is assumed 0.7 considering a typical heavy duty truck, the
frontal area, the zero (Cro) and second (Cr») order of rolling coefficients are considered 8.5
m?, 0.008 and 0.00938 (West Virginia University test data [54]), respectively. The chassis
glider mass is 13960 kg, and a dynamic mass cycle is defined to be loaded to the truck’s
curb weight through the collection phase, presented in Section 2.2.2.
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Table 9) Specification of the simulated diesel and battery-electric refuse truck

Fuel type Diesel Battery-electric
Model Peterbilt 320 [48] Class 6, all-electric BYD
refuse truck [31]
Curb weight (kg) 15070 kg 16132 kg
Payload (kg) 0 to7830 kg 0 to7830 kg
Main. EM: 250 kW, AC-
Engine/Motor-controller: Induction, 92%
Max power(kW)/peak eff. 237 KW/0.43% Aux. EM: 59 kW, AC-
Induction, 91%
Allison-Auto6Speed
Transmission 3000 RDS (3.8: 0.65) 1-speed
Diff ratio:6.14
Battery 200 Li-ion modules,
Capacity (kWh)/Weight (kg) ) 220 kWh/2000 kg
Hydraulic Pump Parker Pump Model P350 Parker Pump Model P350
Max cont. pressure (bar) 210bar [31] 210bar [31]
No-load system pressure below 20 bar [52] below 20 bar [52]

Trucks are rear-wheel drive, and the wheel/axle torque loss and slip coefficients are

presented in Table 10 provided in ADVISOR reference data [54].

Table 10) Wheel/axle torque loss and slip coefficients

Vehicle mass (kg) 0 5000 | 10,000 | 15,000 | 20,000 | 25,000
Slip coefficient 0 0.025 0.05 0.075 0.1 0.125
Torque loss (N.m) 0 30 45 60 75

The truck tire radius is 0.5 m with the rotational inertia of 0.51 kg.m? for the axles,

wheels, and tires [54]. The driveline and frictional braking fractions are presented in Table

11 to account for the regenerative braking energy through the simulation [54].

Table 11) Driveline and frictional braking fractions

Vehicle speed (km/h) 0 15 100 1600
Friction braking 0.6 04 0.1 0.1
Driveline braking 03 0.5 0.8 0.8
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The engine data is available in ADVISOR for a Caterpillar C-10 L diesel engine, with
246 kW maximum power and 0.43% peak efficiency, however, in order to follow the fleet’s
truck engine specification, the power is scaled down to 237 kW. The engine’s idle speed is
650 rpm. The max torque curve and fuel consumption (g/s) indexed by the torque (Nm)
and engine speed (rad/s) are provided and used to generate the brake specific fuel
consumption (BSFC) map (g/kWh) of the engine. The engine’s mass is 1034 kg (including
the fuel tank). The density and lower heating value of fuel is considered 0.85 (g/l) and
42.78 (kJ/g), respectively. For the diesel refuse truck, the transmission is considered a 6-
speed automated Allison-3000RDS gearbox (Table 9) with a final drive ratio of 6.14 and
gear ratios of 3.78, 2.21, 1.53, 1, 0.76, 0.65 [59] with corresponding up/down shifts and
torque losses provided by the block’s data source in ADVISOR.

In case of the battery-electric truck, we keep the chassis specification the same as the
diesel refuse truck. The main motor/controller is chosen as a 187-kW (continuous) 3-phase
AC induction motor/inverter. For the EM, the efficiency map indexed by the electric motor
torque-speed and the max torque-speed curve is provided in the EM block, captured from
a hybrid drive Orion VI presented in ADVISOR) [54]. The selected electric motor has the
highest power level compared to the other EMs provided in the simulator, thus the max
power is scaled to 250 kW to maintain with the manufacturer specification of the battery-
electric truck [31]. The minimum voltage and maximum current allowed by the controller
are 120 v, and 480 A with a maximum over torque factor of 1.2. The motor weight and
rotor inertia are 142 kg and 0.0335 kg.m?, respectively. The auxiliary electric-motor is
selected to be able to provide the total accessory loads including the hydraulic load as well
as the other accessories (electrical loads). The auxiliary electric-motor is considered an AC
induction motor, with continuous power of 59 kW, and peak efficiency of 93%. The motor
weight and rotor inertia are 70 kg and 0.0165 kg.m?, respectively. The auxiliary load
includes both the vocational parasitic hydraulic loads (2.2.3) and the other
electrical/mechanical accessories applicable for a heavy-duty truck. A total of a 4.5 kW
load is considered for the other accessory loads (1 kW electrical and an average of 3.5 kW
for the mechanical driven loads [60]). In case of the battery-electric refuse truck, the

adapted hydraulic load is applied to the simulator with respect to efficiency of the auxiliary
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motor, and for the diesel truck, the continuous operation of the hydraulic pump is counted
in estimating fuel consumption.

The battery block models a Lithium-ion A123 battery pack composed of 200 modules
with corresponding voltage and resistance data indexed to the state of charge and
temperature, provided in the ESS block in ADVISOR. The nominated voltage and max
capacity of each module are 12.4 v and 91 Ah at C/5 rate, with the total energy capacity
and mass of 220 kWh and 2000 kg, respectively [61].

Developing the truck models with the specified characteristics and input parameters, we
import the models to the simulator to analyze the performance and energy use of each truck
over the representative duty cycle. In the next chapter, the simulation results are presented,
and through a sensitivity analysis the impact of grade, mass, and auxiliary load on energy

consumption and emissions are examined.

3.3 Fuel-cycle GHG emissions
The life-cycle GHG emissions analysis is a methodology to evaluate the environmental

impacts of different vehicle technologies by quantifying the emissions associated with the
vehicle  materials/manufacturing/assembly/recycling  (vehicle-cycle) and  fuel
production/distribution/consumption over the expected lifetime [16], [62], [63]. The
environmental LCA of conventional vehicles and alternative technologies is composed of
vehicle-cycle and fuel-cycle GHG emissions using different LCA models and databases
such as GHGenius [64], GREET (Greenhouse gases, Regulated Emissions, and Energy use
in Transportation [65]), AFLEET (Alternative Fuel Life-Cycle Environmental and
Economic Transportation [66]), and MOVES (Motor Vehicle Emissions Simulator [67]).
Several studies, (Tagliaferri et al. (2016), Hawkins et al. (2013), Zhao and Tatari (2017),
Zhou et al. (2017)) have assessed the life-cycle GHG emissions of light-duty conventional
and alternative technology vehicles with different details of analysis, including the BEVs.
The studies mainly focused on the analysis of energy requirements and GHG emissions
impacts of manufacturing and use phases of the vehicle over its lifetime. Correia et al.
(2014) have concluded that for BEVs, the contribution of embodied material emissions to
total life cycle GHG emissions can be between 6 - 17%, depending on vehicle/battery’s
materials and respective weight. Egede et al. (2015) have demonstrated that the difference

between the GHG emissions of conventional and battery-electric vehicles is expected to be
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mainly due to differences between fuel-cycle GHG emissions. Based on GREET’s LCA

model, Ma et al. (2012) have determined that for LD ICVs and BEVs, the vehicle embodied
material emissions (w/o the fuel tank/battery energy storage) of the conventional vehicle
are about 9 - 14% higher than that of the battery-electric counterpart, with respect to BEV’s
lower curb weight (with no fuel storage). The main difference between embodied vehicle-
cycle emissions of LD conventional and BE vehicles is found to correspond to the battery
material/manufacturing/recycling process, while a wide range from 6 to 22 gCO2eq/kgpat
is suggested for the GHG emissions factor depending on the battery’s manufacturing
process, specification and lifetime [68], [69], [70]. Unlike the light-duty classes, inventory
data for heavy-duty BE-trucks is not included in LCA models, such as GREET and
GHGenius [71]. There are limited studies in the literature for full environmental analysis
of this class of BEV, Sen et al. (2017), Zhou et al. (2017), Papathomas et al. (2016),
investigated the use-phase emissions as the main contributor to the total emissions impact.
Sen et al. (2017) have found fuel downstream (tailpipe) and electricity upstream GHG
emissions as dominant emissions factors for conventional and battery-electric trucks,
respectively. Correia et al. (2014) suggest an embodied emissions factor of 32.5
gC0O2.¢/kWh for the battery in heavy-duty BE-trucks over 200,000 km expected lifetime.
Sen et al. (2017) have quoted 4.5 and 8.9 tCO2cq battery’s embodied GHG emissions (22.4
gC0O2.¢/kWh) for heavy-duty BE-trucks with 200 kWh and 400 kWh battery capacities
assuming a 1500-cycle battery lifetime. That study ‘s LCA results indicate battery
embodied emissions of 13% of fuel-use emissions within a regional grid intensity of 344
gC0O2.¢/kWh [72]. Additionally, the full LCA demonstrates that for the BE-trucks, the
electricity grid mix is a primary factor in the contribution of fuel-cycle upstream emissions
to total life-cycle GHG emissions [63], [73], [72], [16].

In this study, the use-phase GHG emissions analysis is conducted considering fuel-cycle
GHG emissions associated with the fuel production and distribution, as well as those
related to the consumption of fuel. The emissions associated with vehicle
manufacturing/recycling  (vehicle-cycle  emissions) and  refueling  stations’
construction/decommissioning are not considered. The fuel-cycle GHG emissions analysis
includes the total GHG emissions of the fuel including the emissions from fuel supply

systems (Well-to-Pump (WTP) GHG emissions) and the fuel exhaust/tailpipe emissions
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(Pump-to-Wheel (PTW) GHG emissions). The total GHG emissions (Well-to-Wheel

(WTW) GHG emissions) is defined by summation of the WTP and PTW emissions [62].
In this study, GHGenius is selected to predict the WTW emissions of the reference diesel
fuel of the D-RCT. GHGenius is a life-cycle modeling tool developed by Natural
Resources Canada which is used to analyze energy use and emissions of the conventional
fuel vehicles and alternative technologies considering the fuel pathways [24]. Table 12
shows the mass of CO;, CH4, and N>O (three greenhouse gases which are included in the
calculation of grams of COz-equivalent emissions) and the total equivalent carbon dioxide
(CO2¢q) per MJ lower heating value of the diesel fuel, extracted from GHGenius, version
5 [24]. In the Canadian context of the modeling tool, the total CO2¢q of the greenhouse
gases is calculated based on the Global warming potential (GWP) of the greenhouse gasses
over a 100-year horizon (GHG-100). The factor is 21 and 310 for CHs and N>O,

respectively as presented in the Intergovernmental Panel on Climate Change report (IPCC

2013) [6].
Table 12) GHG emissions (g/MJ(LHV)) of the diesel fuel based on the GHGenius tool [62]
Greenhouse gas WTP PTW WTW
CO; 22.64 74.16 96.8
CH4 0.1135 | 0.0046 0.118
N0 0.0009 | 0.0033 0.004
Total CO2
(GHG-100 basis) 25.74 75.210 100.95

Within the reference diesel fuel with density of 846 kg/m? and the LHV of 43 MJ/kg, the
total equivalent COz per liter of the diesel fuel can be calculated as presented in Table 13.

Table 13) GHG emissions (gC0O2.,/Lp) of the diesel fuel based on the GHGenius tool [62]

GHG emissions factor GHGf,.pD GHGf,.\, D GHG¢yroyD
Diesel fuel GHG
emissions factor 937 2,738 3,675

The data for electricity WTP emissions considers the emissions from the electric power
generation facilities and the GHG intensity attributed to the transmission losses, which is

presented in Table 14 based on the BC’s electric grid mix reported in 2017 [75].
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Table 14) Greenhouse Gas Intensity for British Columbia’s electricity grid mixture (gCO2./kWh
electricity generated) [75]

Greenhouse gas WTP
CO; 9
CH4 0.003
N.O 0.0007
Transmission losses 0.4
GHGy\,1 etec (GHG-100 basis) 9.6

Considering fuel consumption, the operational WTW GHG emissions of the D-RCT,
GHGyrw p (kgCO2/km), is estimated as follows:

GHGWTW,D = 10_5 X GHGfWTW,D X Fuelkm,D Equation 21

where GHGy, ..., dieser 18 the GHG emissions factor of diesel fuel (gCO2eq/Lp) and
Fuely,, p is fuel consumption (Lp /100km) of the D-RCT over the adopted duty cycle.

The BE-RCT has no tail-pipe emissions, hence the WTW fuel-cycle emissions of the
BE-RCT, GHGyry e (kgCO2/km), is taken based on the upstream GHG emissions of the
charging electric power.

GHGWTW,BE = 10_5 X GHGfWTw,ElEC X ncharge X Fuelkm,EV Equation 22

where GHGy,,..., etec 18 the electricity grid GHG intensity (gCO2¢q /kWh), N¢parge 1s the
charging efficiency which is considered to be 10% according to the value suggested in [76]
and Fuely,, gy is energy consumption (kWh/100km) of the BE-RCT which is defined
through the simulation. The GHG mitigation effectiveness, GHG,r; (kgCO2/km), of the
BE-RCT compared to the D-RCT can be defined by the following equation:

GHG.rr = GHGyrw p — GHGyrw pE Equation 23

Ultimately, the fuel-cycle GHG emissions reduction by the deployment of BE-RCT,
AGHG (kgCO2), can be determined as:
AGHG = n X GHG.ry X VKT Equation 24

where n is the lifetime of the vehicle (y) and VKT is the annual vehicle kilometer traveled

(km/y).
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Chapter 4: Results and discussion
4.1 Study setup

Based on the powertrain model described in Section 2.5.1, energy consumption of the
modeled D-RCT and BE-RCT have been examined using ADVISOR. The simulation time
step is set to 1 sec, according to the speed trace and hydraulic load profiles. In this chapter,
the results for the D-RCT and BE-RCT are discussed. First, energy consumption for the D-
RCT and BE-RCT is presented over the representative duty cycle for the base-case scenario
(as described in Section 2.3.1) and the potential of the BE-RCT for annual fuel cost savings
and GHG mitigation is evaluated. Second, a sensitivity analysis is presented to evaluate
the impact of key parameters on energy consumption and the corresponding GHG
emissions, including the size of the battery (exclusively for the BE-RCT), the route grade,
the payload, and accessory loads. Fuel-based GHG emissions analysis is conducted to
evaluate the fuel WTW GHG emissions and estimate the potential of the BE-RCT for
emissions mitigation. Ultimately, the total cost of ownership (TCO) is determined for both
trucks to examine the economic feasibility of the BE-RCT compared to the D-RCT. Based
on the results, strategies are suggested to purpose feasible plans deployment of the BE-
RCT in the collection fleet.

The D-RCT use diesel fuel, and fuel consumption value is expressed in Lp/100km
considering the lower heating value of 36.4 MJ/Lp for the reference diesel fuel (low sulfur
diesel from crude oil); for the BE-RCT the electrical energy use is expressed in
kWh/100km. For comparing energy use of both type of trucks, energy consumption for
BE-RCT is expressed in diesel liters equivalent (Lpq/100km) as well, which is calculated
based on an energy conversion factor of 10.1 Lp q/kWh with respect to the diesel fuel lower

heating value.

4.2 Energy consumption and GHG emission analysis
In this section, first we analyze the specific energy demand for the base-case duty cycle

which is adopted in Section 2.3.1. The D-RCT and BE-RCT are both simulated over the
duty cycle and the simulation results for energy use and WTW GHG emissions of trucks

are discussed in detail.
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4.2.1 Duty cycle specific energy demand
The specific energy demand explains the road load demand based on the duty cycle

metrics. The specific energy (the energy per unit distance of the duty cycle) components
estimates the energy required at the wheels to overcome the inertia force and the road
resistances which can be used as the duty cycle metrics for investigating the road load
energy requirement as well as the recoverable energy over the negative tractive events. Of
the other duty cycle metrics, the aerodynamic speed and the characteristic
acceleration/deceleration are also helpful parameters to estimate the road
demanding/braking energy attributed to the duty cycle characteristics. The aerodynamic
speed (V4er0) 18 the ratio of the overall average cubic speed to the average speed and

measures the impact of aerodynamics on the total duty cycle energy demand [77].

~3 3 2 2,.3
vz - — Uj,j+1 _ Uj+1+Uj+1.Uj+Uj+1.Uj +Uj+1 _
aero,j,j+1 ﬁj,j+1 2 (Uj+Uj+1)
n—-1 3 :
D U7 ip1- A8 j41 Equation 25
Vaero = D

where v; is the duty cycle speed, At; ;4 is the time step, ¥; ;.1 is the average speed at each
time step, 17]-3: i+1 18 the cubic speed at each time step, Vgero,j,j+1 18 the aero speed at each
time step and v, is the duty cycle aerodynamic speed. The aerodynamic speed is
calculated within the integration of the v7,,, j,j+1 over the duty cycle.

The characteristic acceleration (dp,s) is linked to the inertial work to accelerate the
vehicle and/or the slope increase, which equals to the positive kinetic and potential energy
per unit mass per unit distance through the driving cycle, and the characteristic deceleration
(Gneg) measures the negative part of the kinetic and potential energy per unit mass per unit
distance over the duty cycle. It estimates the braking energy which can be potentially
regenerated  during the  vehicle deceleration [77]. The  characteristic
acceleration/deceleration can be calculated by Equation 26 and Equation 27, respectively
[77]:

V2, —p? o
dj,j+1 — 05( Jj+1 ]) +g( J+1 ]) =

ADjjyq ADjjyq

i positive(0.5 (VA — v7) + g.Ahjj1q) Equation 26
pos — D
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B ;.1;1 negative(0.5 (vjz+1 - vjz) +9.4Ah; ;1)

Gneg = D Equation 27

where AD; ;. is the traveled distance at each time step, Ah; ;4 is the elevation change at
each time step, g is the gravitational acceleration (9.8m/s?) and D is the total traveled
distance. Table 15 presents the duty cycle aerodynamic speed and characteristic
acceleration/deceleration expected for the base-case duty cycle. The high values of
characteristic acceleration/deceleration reflect the stop-and-go nature of the RTDC along

with the rough grade profile of the duty cycle.

Table 15) Duty cycle aerodynamic speed and characteristic acceleration/deceleration

Duty cycle metrics

Vgero (km/h) 50.1

pos (M/s?) 0.52

Oneg (M/s°) -0.53

Considering the tractive power presented before in Equation 2, the energy required or can
be potentially gained over a time period is defined as follows [77]:

— ~3 ~
Eroad,j,j+1 - _pairCDAfvj,j+1'Atj,j+1 + Crr”lveh.g- Vjj+1 .
2
Equation 28

1
+ mveh-g-Ahj,j+1 + Emveh' (vj2+1 - ij)

The specific tractive energy (SE;4.) and braking energy (SEjqke) at the wheels can be
defined by positive and negative terms of the road energy as presented [77]. The Ep;qke 18
the maximum amount of energy that can be potentially regenerated through a regenerative
system. However, depending on the regenerative efficiency it is been partially regenerated

and the rest is lost through the frictional braking [78].

121 positive(Eroqq j j+1) Equation 29
SEtrac = SEroad,pos = D
;’l=_1 negative(Eroad,j,j+1) Equation 30
SEbrake = SEroad,neg = D

Table 16 shows specific energy components in both traction and braking modes for the

refuse truck over the base-case duty cycle. The energy breakdown shows that the RTDC is
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considerably energy-intensive subject to the road load demand (even regardless of the
truck’s vocational operation and auxiliary load demand). About 46% and 28% are the
kinetic and potential energy components, respectively and the summation of the drag and
rolling resistance is attributed to the 25% of the total energy demand. The high value of the
negative tractive energy (1.32 kWh/km) reveals that if the energy can be even partially
recuperated through a regenerative braking system the fuel efficiency will improve
considerably. This supports the potential of deployment of hybrid/all-electric or hybrid
hydraulic technologies in this application.

Table 16) Duty cycle specific energy demand

Duty cycle road load components (kWh/km)
Aerodynamic energy 0.13
Rolling resistance energy 0.33
Kinetic Energy 0.81
Potential energy 0.51
Total road load 1.78
Brake energy 1.32

4.2.2 Energy consumption and GHG emissions of the D-RCT
Based on the D-RCT’s powertrain model described in Section 3.2.1, the D-RCT has been

tested over the base-case duty cycle. Table 17 presents fuel consumption and corresponding

GHG emissions of the D-RCT for the base-case scenario.

Table 17) Fuel consumption value and GHG emissions of the D-RCT for the base-case scenario

D-RCT energy Simulation results Municipal
. ) Variation
consumption Total trip Per unit distance | collection fleet
108.7 126.2

Fuel consumption 71.2 Lp 13.8%

Lp/100km Lp/100km
PTW GHG 195 297.6 345.4 13.8%
emissions kgCO2 kgCO2/100km | kgCO24y/100km o
WTW GHG 261.7 399.5 436.6 13.8%
emissions kegCO2q kgCO2,/100km | kgCO2e/100km o

Total fuel consumption of the truck is 71.2 Lp over the whole duty cycle, which results in

221.8 kgCO2¢ tailpipe emissions. The result is comparable to the values presented in [12]
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for fuel consumption of SL-RCTs ranging from 80 to 130 Lp/100km (1.8 to 2.9 mpg) which

are captured based on the MOVES vehicle simulator. The validity of the developed model
is also compared with average in-use fuel consumption of the D-RCT operating in the
municipal fleet. The reported data for the annual fuel use and traveled distance is 203,808
Lp/y and 161,557 km/y for ten trucks. Based on the reported data, for fuel efficiency a
13.8% discrepancy between the predicted and in-use values is found, which is reasonable
given the difference in assumed duty cycle parameters of the developed model and actual
operating trucks within the collection fleet. As described in Section 2.3.1, the adopted duty
cycle is developed based on the available data for the truck #18972 whose traveling route
is used to construct the grade profile. Lacking 1Hz speed data for the Saanich trucks, the
NREL refuse truck duty cycle is used for developing the speed profile. The difference
between the actual and the developed driving speed and the vocational operation condition
of the refuse trucks can cause the variation in fuel consumption. Moreover, it should be
noted that the reported data is the average fuel consumption over one-year operation of the
total fleet (with ten operating trucks) over 235 working days. Each truck operates in a
specific collection area each day, different to the others, through a periodic nine-day cycle.
The variation in the operating condition between the collection trucks (e.g., drivers’
behavior, route conditions, number of collection houses and the corresponding mass and
hydraulic cycles) can cause noticeable variations within fuel use of the trucks in the
collection fleet [79]. The operational data of the D-RCT over the different sub-cycles of
the total trip is plotted in Figure 26. As can be noticed, the engine power demand and the
corresponding fuel use rate follow the road tractive power, which is closely correlated to
the duty cycle’s speed, grade, and hydraulic power demand. Over the first part of the trip,
presented in Figure 26-a, the empty truck travels from depo to the collection area with a
moderate speed of 43 km/h averaged with a fairly flat route gradient. The engine meets the
duty cycle’s demand and its power output and corresponding fuel rate are changing from
0 to 95.7 kW and 9.7 g/s, with moderate average values of 47.3 kW and 4.8 g/s,
respectively. The hydraulic pump idling increases the auxiliary load by 40% with an
average power of 6.3 kW.

Over the collection trip, Figure 26-b, the truck is moving with an average driving speed of

19.8 km/h, considering 17 stops’km and 52.2% idling time the average total speed
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decreases to 9.4 km/h. As plotted in Figure 27-b, the higher fuel rates can be noticed with

respect to the steep gradient and higher truck’s mass, occurring over the first part and last
part of the sub-cycle. While the truck’s mass increases incrementally over the sub-cycle,
with moderate driving speed the average traction and engine power, and fuel rate are found
as 82.9 kW, 107.1 kW and 10.6 g/s, respectively. Figure 26-c presents the truck’s operation
during the first five collection events. With respect to the variable hydraulic load through
the idling time along with the 4.5 kW required accessory power, the auxiliary energy
demand over the collection phase is reached to 22.5 kWh, about 47.8% of the total duty
cycle auxiliary load. Consistent with aggressive braking events and characteristics
deceleration of -0.72 m/s%, the available regeneration energy is about 45.7 kWh with an
average potential power of -30.2 kW.

Figure 26-d presents the truck’s trip from the collection area to the landfill (the starting 22
min of the trip), and after dumping, from the dumping site to the depo. From the collection
area to the dumping site, with the full-payload driving and fairly rough gradient (with an
average of 3.7%), the average power demand is 168.2 kW reaches to the maximum value
of 238 kW. The insufficiency of the engine power compared to the requested power results
in the difference between the achieved vehicle speed and the duty cycle’s requested speed
over 312 s of the duty cycle time (1.8% of the total cycle duration), as inspected in Figure
26-d. The average fuel use rate over the full-payload is found as 14.3 g/s, the highest
compared to rest of sub-activities, resulted in 100.5 Lp/100km fuel efficiency. While the
required accessory power is 4.5 kW, the average auxiliary power demonstrates an increase
of 91% (with an average power of 8.6 kW) due to the hydraulic pump idle losses. From the
dumping site to the depo, the truck travels empty similar to the first part of the duty cycle.
However, the steep downgrade gradient profile over the trip (-3.8% average) decreases the
power demand and fuel use considerably. The average engine power and fuel use rate is
found as low as 12.3 kW and 1.8 g/s, respectively.

Table 18 presents a performance summary of the D-RCT over the proposed sub-cycles.
As an overview over the total duty cycle, the average fuel use rate changes between 1.8 g/s
to 18.9 g/s and 1.6 g/s to 12.7 g/s during the moving and idling modes, respectively. The
values are comparable to the fuel use rate presented in [12] categorized based on the

average speed and specific tractive power (STP) over the activity cycles, using the MOVES
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simulator. In the reference [12] the fuel use rate rises with the increase in average speed
and corresponding STP, ranging between 1.2 g/s for the idling mode (w/o considering the
compact load) to 20 g/s for the 72 km/h speed and the tractive power of 251 kW. Average
fuel use over the first and last no-payload driving trips is the minimum value of 2.8 g/s,
which is consistent with its low characteristic acceleration (0.16 m/s?). The maximum
power demand and fuel use rate occurs in full-payload along with an almost steep uphill
driving (6.2% route gradient) with 238 kW and 18.9 g/s, respectively followed by 221 kW
and 17.8 g/s through the collection phase where the required speed is 38.6 km/h along with
a gradient of 7.9% uphill driving. The characteristic acceleration over the collection phase
and the full-payload driving are high, with an average of 0.71 m/s? and 0.36 m/s* due to
the high number of stops in the collection phase and rough route profile over the full-
payload driving, respectively. However, the average fuel use rate through the full-payload
driving (38.6 Lp/h) is higher than the collection phase (13 Lp/h) due to the full-loaded
driving over the steep route and no idling time. As the collection phase covers 90% of the
duty cycle duration, it is the greatest contributor to fuel consumption and corresponding
GHG emissions with 13 Lp/h and 35.6 kgCO2.¢/h exhaust GHG emissions, respectively
77% of the total of energy use and GHG emissions. The large standard deviation in engine
power (73.8 kW) over the total duty cycle represents the wide span of the tractive road load
as well as the auxiliary power demand over the refuse truck duty cycle, consistent with
variations in characteristics of sub-cycles. The total duty cycle’s fuel use rate is found as
14.5 Lp/h, and considering the hydraulic load over the collection and dump events the fuel
use rate during the truck idling is 9.2 Lp /h. The values are consistent with those presented
in the literature ([23], [80], [38], [24]) ranging between 8 to 23 Lp/h for refuse truck
application. Correspondingly, the PTW and WTW GHG emissions rates are estimated as
39.7 kgCO2¢q/h and 53.3 kgCO2q/h, respectively over the proposed duty cycle.
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Figure 26) The simulation results for power demand and fuel consumption of the D-RCT over the
activity sub-cycles: a) Depo to collection sub-cycle, b) Five cycles of collection activity, c) Total
collection sub-cycle, d) Collection to dump/dump to depo sub-cycle
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Table 18) Operational characteristics of the D-RCT through the different activity sub-cycles

Total duty
No Full-
] Collection cycle (one-
Activity characteristics Unit payload payload
8 phase 5 day
driving driving
operation)
Time s 1242 15294 1194 17730
Distance km 12.6 40.2 12.7 65.5
Ave drv. spd km/h 45.9 19.8 38.3 24.9
s 255 8001 0 8256
Idle time
% 20.5% 52.2% No idle 46.6%
Total fuel use Lp 3.3 55.1 12.8 71.2
Lp/h 9.6 13 38.6 14.5
Specific fuel use
Lp /100km 26.2 137.2 100.5 108.7
GHG emission rate kgCO2
96.2 504.1 369.3 399.5
(WTW) /100km
% of the total drive cycle
o % 4.6% 77.4% 17.9% 100%
energy use/emissions rate

4.2.2.1 Energy breakdown of the D-RCT energy use
Energy components of the D-RCT over the examined duty cycle subject to the speed

profile, acceleration, route grade, mass, and hydraulic cycles are presented in Table 19.
Considering duty cycle metrics and vehicle parameters, the total of 115.9 kWh is required
at the wheel to overcome the inertia and road resistances, about 85.8 kWh of which (44.5%
of the engine’s output energy) is being dissipated through the braking mode which is the
potential energy available to be partly recaptured through the regenerative braking system
in the BE-RCT. Considering the driveline efficiency, the total energy demand of the duty
cycle is 193 kWh, 60.1% and 26% of which is accounted for the tractive road load and
auxiliary loads, respectively. The total energy demand and the available regenerative
energy of the cycle per unit distance (kWh/km), are estimated about 2.9 kWh/km and 1.3
kWh/km, respectively for the examined RTDC (considering the existence of the vocational

hydraulic and accessory loads). The values reflect the energy-intensive of the refuse cycle
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along with the high regeneration potential for the energy saving, as consistent with the its
characteristics with frequent number of acceleration/deceleration events, rough route

gradient, large mass payload and vocational load.

Table 19) The component energy demands of the D-RCT over the refuse truck duty cycle

Duty cycle energy break- % of the tot
down MJ kWh energy input
Total road load @ wheels 417.1 115.9 16%
Aux. load 168.9 47.1 6.5%
Engine energy output 694.1 193 26.7%
Fuel energy 2599.7 722.7 100%
Regen potential 308.6 85.8 11.9%

4.2.3 Energy consumption and GHG emissions of the BE-RCT
Similar to the D-RCT, the BE-RCT have been tested in ADVISOR over the base-case

duty cycle, resulting in the overall energy consumption and the GHG emissions are
presented in Table 20. For in-use fuel economy of the BE-RCTs there was a lack of data
available in the literature. The validation of the result is done compared to the manufacturer
data, 205 kWh/100km (3.3 kWh/mile) presented in [29], [30]. This value is captured based
on the stated performance range, 65 miles with 600 pick-ups, for the proposed BE-RTC
specification with the 220 kWh battery capacity. However; any reports on real-world
operation energy use or more information about the performance test have not been
disclosed by the manufacturer [31].

Table 20) Energy consumption value and GHG emissions of the BE-RCT for the base-case scenario

BE-RCT Energy Simulation results Manufacturer
consumption Total trip Per 100 km distance data Variation
161.5 246.5 205
20.2%
kWh kWh/100km kWh/100km [31]
Fuel consumption
15.9 243
Lp.eq Lp.eg/100 km
WTW GHG 1.55 2.37

emissions kgCO2 kgCO2¢4/100km
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Based on the simulation, there is a 20.2% discrepancy between the simulation result and

the OEM’s fuel economy, which is reasonable as the manufacturers’ fuel economy data is
based on lab tests which does not cover the real-world operation’s conditions and the route

topography.

Enigne Efficienc
35 g : Yy

T
30 -
25 B
9
<50 i
(0]
(o))
]
c
[0}
515 -
o
10 B
5 _
0 | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Efficiency
(a)
Main EM Efficiency
35 T T T
30
25
S
<20
(0]
j2]
o]
o
8
5 15—
o
10 -
5l

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Efficiency

(b)

Figure 27) Fuel converter efficiency histogram: a) D-RCT’s engine efficiency distribution, a) BE-
RCT’s main EM efficiency distribution
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The fuel converter energy efficiency of the D-RCT and BE-RCT is presented as a
histogram plot in Figure 27. The D-RCT’s engine efficiency histogram (Figure 27-a) shows
that the diesel engine runs in lower efficiency rather than the peak regions of its map, as
the truck operates mostly with low speed, high idling time and frequent stops-and-goes,
Distributions for BE-RCT’s main EM efficiency (driving mode) reveal that the average
efficiency (84.8%) is nearer to the maximum because of the more efficient operation of the
EM at low speeds as well as the elimination of power when the truck has stopped.
Comparing fuel use of the D-RCT (Lp) and BE-RCT (Lp,q) presented in Table 17 and
Table 20, respectively the energy use of the D-RCT is about 4.5 times higher than that of
the BE-RCT, which is due to operation of the BE-RCT’s main EM in higher efficiency
ranges (average of 84.8%) compared to the diesel engine (average of 26.7%) over the duty
cycle.

For further analysis, the operational data of the BE-RCT over the duty cycle’s sub-
activities is presented in Figure 28. For each sub-cycle, the plots show the power output of
the battery, main/auxiliary EMs, the regenerated power input to the battery, and the
battery’s rated SOC. The battery power output, considered with the positive sign, covers
the total power demand of the main and auxiliary electric motors, as well as the EMs’
electric losses and the driveline losses. The battery power input is the fraction of negative
traction power which is restored to the battery through the main EM and the regenerative
braking system, which is considered as negative power.

The changes in battery power output/input, the main/auxiliary EMs’ requested power is
traceable with the changes in the duty cycle’s speed, grade, and auxiliary power demand.
From depo to the collection area, Figure 28-a, with moderate speed, fairly flat route and no
payload the tractive power and consequently the battery/main EM’s power demand is
relatively low. The average battery, main and auxiliary EMs power output is found as 50.3
kW and 40.1 kW, 4.5 kW, respectively. With a relatively flat route and no stop over the
sub-cycle, the average battery’s regenerative power is found as -1.8 kW. The net energy
output of the battery is 4.6 kWh corresponding to 48.5 kWh/h (112 .7 kWh/100km) energy
use rate. Figure 28-b and Figure 28-c present the BE-RCT’s performance over the total

collection phase and five collection events, respectively. The battery and main EM power
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output changes with respect to the steep gradient (over the first part and last twenty minutes
of the sub-cycle) as well as the incrementally-added payload and over the trip is noticeable.
With a moderate speed of 9.4 km/h over the collection trip, the average battery output is
found 35.2 kW with an average discharge current of 7.4 amp. High characteristic
deceleration (-0.72 m/s?), correspondent to the frequent braking (17 stops/km) along with
average of -2.1% downhill gradient, results in -31.5 kWh energy recuperation to the
battery. The net energy use of the battery is 117.7 kWh with the rated SOC of 44.4% at the
end of the collection phase. With the variable hydraulic load through each pickup period
(as can be noticed in Figure 28-c) the average auxiliary power is found 7.1 kW, resulted in
a total of 27.8 kWh auxiliary energy use. The specific energy use based on the sub-cycle’s
duration and traveled distance is estimated 27.7 kWh/h and 2.93 kWh/km, respectively
consistent with the energy-demanding nature of the collection trip.

The truck’s trip cycle from the collection area to the dumping site/from dumping to the
main depo is plotted in Figure 28-d. Over the full-payload driving with an average speed
of 48.3 km/h and 3.7% average upgrade route profile, the average battery and main EM
power output increase to 137.2 kW and 124.8 kW, respectively. Subject to the maximum
EM’s power limit (252 kW), the achieved speed is reduced over 254 s (1.45% of the total
duty cycle duration) with an absolute difference of 3.2 km/h between the actual and
requested speed. Considering the dumping event, the maximum auxiliary EM’s power
output reaches to 39.3 kW, with an average of 4.9 kW resulted in 1.7 kWh auxiliary energy
use. With average characteristic deceleration of -0.18 m/s?, the mean regenerative power
to the battery reaches -2.5 kW resulted in -0.8 kWh energy restoration. The battery’s net
energy use over the activity is found 42.5 kWh with 25.1% end-trip’s rated SOC. From the
dumping site to the depo, the empty truck travels with average driving speed and route
gradient of 47.5 km/h and -3.8%, respectively. The mainly downbhill driving over this trip
resulted in -4.2 kWh energy restoration to the battery, corresponding to -3.3 kWh net
energy restoration over the trip, which increases the end-trip’s SOC of the battery to 26.5%.

Table 21 presents a summary of the BE-RCT operational data over the introduced sub-
cycles. With the total of 161.5 kWh net energy consumption, the rated SOC of the battery
at the end of the trip is 26.5% (61.3 kWh energy); however, the usable capacity of the
battery will be 15.7 kWh, subject to 80% maximum Depth of Discharge (DOD).
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Figure 28) The simulation results for EMs/Battery demanded/regenerated power, battery SOC,
battery current of the BE-RCT over the activity sub-cycles: a) Depo to collection sub-cycle, b) Five
cycles of collection activity, ¢) Total collection sub-cycle, d) Collection to dump/dump to depo

sub-cycle
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DOD is a key parameter for the reliable and safe operation of the battery. For the deep-

cycle lithium-ion batteries, the maximum DOD of 80% is suggested to preserve the
battery’s efficiency and lifetime [76], [81], [82]. Hence, the battery usable energy is less
than its rated capacity which should be considered in selecting the appropriate battery
capacity for the BE-RCT. Specifically, in the case of a refuse truck its vocational
application within energy use for the on-board hydraulic equipment affects its performance
and degradation behaviour, and may accelerate the battery’s deterioration along with a
shorter life span [16], [82].

Table 21) Operational characteristics of the BE-RCT through the different activity sub-cycles

No
No-payload Total dut
pay Full- payload Y
Activity driving Collection o cycle
Unit payload | driving
characteristics (from phase o (one-day
driving (to )
depo) operation)
depo)
Time s 343 15294 1136 889 17672
Distance km 4.1 40.2 12.7 8.5 65.5
Ave drv spd km/h 43 19.8 48.3 47.5 25.1
s 0 8001 0 255 8256
Idle time
% No idle 45.9% No idle 29% 47.4%
Ave bat. output
kWh 4.8 149.2 433 0.9 198.2
energy
Ave bat. input
kWh -0.2 -31.5 -0.8 -4.2 -36.7
energy
Ave bat.
consumed kWh 4.6 117.7 42.5 -3.3 161.5
energy
End-trip battery
% 97.9% 44.4% 251% | 26.5% 26.5%
SOC
Specific fuel use kWh/h 48.3 27.7 134.7 -13.4 35.2
kWh/100km 112.2 292.8 334.6 -38.8 246.5
GHG emissions kgCO2,
rate (WTW) /100km 1.08 2.81 3.21 - 2.53
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Based on the simulation results, the examined battery with rated capacity of 220 kWh might

be able to meet the duty cycle demand, however, its end-trip SOC is fairly close to the 20%
limit. From the battery management perspective, it is suggested to consider a higher
capacity for the BE-RCT’s battery to assure it operates healthy and reliable within the
operational limit. The operational performance of the BE-RCT with higher battery’s

capacities will be assessed through the sensitivity analysis in Section 3.3.4.1.

4.2.3.1 BE-RCT energy breakdown
The energy components for the BE-RCT are presented in Table 22. Subject to the battery’

weight (2000 kg), the tare weight of the BE-RCT is 1060 kg heavier than the D-RCT,
resulted in an increase about 3% of the road power components (except the drag resistance
which is independent of the vehicle mass). The total road load over the duty cycle is 132.2
kWh and the braking energy, which can be potentially regenerated, is about 97.3 kWh
(48.9% of the total energy input).

Table 22) The demanded/regenerated energy components of the BE-RCT over the RTDC

% of the battery
Duty cycle energy break-down kWh
energy output

Road load 132.2 66.5%
Aux. load 323 16.2%
Battery energy input

37.2 18.7%
(regenerated energy)
Net battery energy use 161.5 81.2%
Braking energy 97.3 48.9%
Regen. efficiency (%) 38.2% -

Of the 97.3 kWh braking energy, 37.2 kWh (38.2%) is recovered which decrease the
total energy use of the BE-RCT by 18.7%. The total energy demand of the cycle is 198.7
kWh. Considering the regenerated energy to the battery, 161.5 kWh of its capacity is
depleted which is the net energy use. Within the auxiliary electric-motor efficiency, the
auxiliary load is 32.3 kWh, which includes 16.2% of the total energy input. Compared to
energy use of the D-RCT (Table 19), total energy use and the auxiliary load of the BE-
RCT are decreased by 78.1% and 31.2%. In addition to the higher efficiency of the main

EM compared to the diesel engine, the reason is that energy use over the idling time of the
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D-RCT’s operation (9.2 Lp /h) is eliminated in case of BE-RCT. Besides, for the auxiliary

load, the energy losses of the hydraulic pump during its off-load operation is also
eliminated when the BE-RCT is in the driving mode. The annual energy consumption and
the potential of the BE-RCT in GHG mitigation is estimated based on the fleet’s working
days and average traveled distance over one year. In daily operation of the BE-RCT, one
depletion/recharge cycle is expected to meet the refuse truck duty cycle. In order to
examine the potential of the BE-RCT deployment, energy consumption and corresponding
WTW GHG emissions for the D-RCT and BE-RCT are evaluated based on the fleet

statistics and operational assumptions (Table 23 and Table 24).

Table 23) Fleet statistics and operational assumptions of the refuse trucks

Fleet annual operation statistics

Fleet annual working days (day/y) 235
Ave. daily traveled distance (km/day) 65.5
Vehicle annual traveled distance (km/y) 15,393
Vehicle lifetime (y) 7
Battery life-cycle (cycles) [8] 1000
Charging efficiency [66] 90%
Charging event 1 charge/day

Table 24) D-RCT’s and BE-RCT’s simulation-based operational performance for the examined
collection fleet

Operational value D-RCT BE-RCT
Driving energy consumption 71.2 Lp/day 161.5 kWh/day
Overall energy consumption 71.2 Lp/day 177.6 kWh/day
Annual energy consumption 16,732 Lp /y 41.7 MWh/y
WTW GHG emissions (kgCO2/y) 61,490 400.7
Lifetime WTW GHG emission (tCO2) 43 2.8

Table 25) Potential for fuel and emissions savings by adoption of the BE-RCT
Diesel fuel saving (Lp/y) 16,732
WTW GHG emission mitigation (tCO2.q/y) 61.1

Lifetime WTW GHG emission savings (tCO2¢) 427.7
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As can be noticed, the BE-RCT’s lifetime WTW GHG emissions are considerably lower

(2.8 tCO2cq) with the advantage of the clean regional grid. Based on the simulation results
shown in Table 25, by adopting a BE-RCT in the examined collection fleet the diesel fuel
saving will be 16,732 Lp corresponding to GHG mitigation of 61.1 tCO2¢q per year and
total of 427.7 tCO2q over the seven-year proposed lifetime of the trucks. As mentioned in
Section 3.3, the electricity grid mix can significantly change the contribution of fuel-cycle
upstream emissions to the life-cycle GHG emissions of heavy-duty BE-trucks. That said,
within the scope of this study with BC’s low grid intensity, the battery’s embodied GHG
emissions can be compared to the electricity’s WTP emissions. Over the assumed seven-
year BE-RCT’s lifetime, the battery’s embodied GHG emissions will be 5.4 tCO2eq,
assuming an embodied emissions factor of 22.4 kgCO2.,/kWh (Section 3.3) and 220 kWh
capacity over 1650 charging/recharging cycles (including one-time replacement w/ 1000
life-cycles). Although the battery’s embodied GHG emissions are about 1.9 times higher
than fuel upstream emissions, it is only 1.3% of the fuel-cycle emissions difference of the
D-RCT and BE-RCT. With respect to the battery’s embodied GHG emissions and
negligible differences between vehicle-cycle GHG emissions of both type of trucks, ([74],
[71]), the potential of the BE-RCT in total GHG emissions mitigation could be as high as
422.3 tCO2¢q over the operational lifetime.

4.2.4 Sensitivity analysis

In addition to the base-case simulation, a sensitivity analysis was also conducted to
estimate the impact of key simulation parameters on energy use of the D-RCT and BE-
RCT. The parameters of interest to evaluate energy use are the battery size of the BE-RCT,

the route grade, the payload mass, and the auxiliary load.

4.2.41 BE-RCT battery capacity size

We tested the simulated BE-RCT with different battery capacity sizes to examine the
effect of the increased capacity and the corresponding added weight on the performance
and energy use of the BE-RCT. Through the analysis, the battery specification was
considered the same as the base-case with the energy capacity of 1.1 kWh and weight of

10 kg for each module [8], [61]. Based on the newly-introduced BE-RCTs in the market,
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two other options for the capacity of the battery were considered in the sensitivity analysis
with 250 kWh and 300 kWh nominal energy capacity [17]. The results for energy use, the
end-trip SOC of the battery, and the expected range for the BE-RCT (subject the estimated
fuel use efficiency and min SOC of 20%) are presented in Table 26.

Table 26) Sensitivity analysis of the battery capacity size impact on BE-RCT energy use and the

total expected range

Battery nominal BE-RCT tare End-trip Expected
kWh  kWh/100km
capacity (kWh)  weight (kg) rated SOC range (km)
220 16,130 161.5 246.5 26.5% 71.4
250 16,431 162.8 248.5 35% 80.5
300 16,880 166.6 254.3 44.4% 94.4

With the higher battery capacity, the usable SOC at the end of the trip is higher; however,
energy use (kWh/100km) is increased due to the increase in tare weight of the BE-RCT.
Considering max 80% DOD for the batteries [82], usable energy for the proposed batteries
will be 200 kWh and 240 kWh, respectively. Based on the battery’s usable energy and
simulation energy consumption values (kWh/100km), 12.8% to 32.5% increase in the
expected range is estimated compared to the base-case duty cycle. Corresponding to 1.9%
and 4.7% increase in BE-RCT’s tare weight, energy use increases by 0.8% and 3.2%,
respectively. Based on the simulation results, the BE-RCT with nominal capacity of 220
kWh might be able to meet the duty cycle demand. However, the vocational application of
the refuse truck with energy use for the on-board hydraulic equipment in addition to the
fast charging option for the battery may affect the performance and degradation behaviour
of the battery and accelerate its deterioration [82]. The maximum charge capacity of an
aged battery decreases over the lifetime of the battery [81], hence; it is reasonable to choose
the BE-RCT with minimum 250 kWh battery capacity which provides a buffer against the

battery’s deep discharge to reduce the degradation along with its reliable operation.

4242 Grade

To understand the impact of the road grade profile on energy use of the modeled trucks,

in addition to the base-case duty cycle the simulation is also tested over an assumed flat
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route, as well as through a second route with a different grade profile. The traveled route
for the second case duty cycle is mapped in Figure 29.
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Figure 29) 2nd Route traveled distance including Collection area #2

In developing the second cycle, the speed profile and the number of collection events (and
consequently the mass/hydraulic cycle) are considered the same as the base-case duty cycle
but within the different trip route and the corresponding grade profile as presented in Figure
30. Within the same collection sub-cycle, the difference in the total traveled distance and
the route topology results in different specific kinetic and potential energy components for
the adopted duty cycles and consequently overall energy consumption. Table 27 and Table
28 present fuel consumption and GHG emissions of the D-RCT and BE-RCT, respectively

over the developed duty cycles with and w/o considering the route gradient.
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Table 27) Sensitivity analysis of the route grade impact on D-RCT fuel use and GHG emissions

D-RCT energy
use/ WTW GHG
emissions
L& L& o 0 I 0
e 3 ge\/ 3 ge\/ g ol E %D 5 s
2e c38 | 3% g S o2 Sg238
2= = & 2 & = = 2
& 8 285 | <85 | 4 52 P2 =828
Base-case Route w/o grade 0 65.4 99.8 366 -8.9%
w/ grade 3.2/-3 71.2 108.7 399.5 Baseline
d w/o grade 0 67.4 92.7 340.7 -14.7%
2" Route
w/ grade 1.7/-2.5 70.5 97.8 359.4 -10.8%

Table 28) Sensitivity analysis of the route grade impact on BE-RCT fuel use and GHG emissions

BE-RCT energy

use/ WTW GHG
emissions
gl gl o g L3 9
- 223 | 22| & =8 B dE €528
O o = S O = S Q B o ol =] o = e~ 1
7 £ °2E|25E| £ | %2 JE $= ZEed
& 2 <58 <58 = A S
w/o
Base-case Route 0 151.8 231.7 22.9 2.22 6%
grade
w/ grade | 3.2/-3 161.5 246.5 243 2.53 Baseline
w/o 0 159.7 220 21,7 211 -10.8%
2" Route grade
w/ grade | 1.7/-2.5 | 168.7 232.4 22.9 2.23 -5.7%

The characteristic acceleration/deceleration of each cycle is different due to the difference
in the grade profile and/or the specific kinetic energy of the cycles. The results indicate the
importance of the grade factor and characteristic acceleration in energy consumption of
both D-RCT and BE-RCT. It can be noticed that fuel use and corresponding GHG
emissions of the D-RCT and BE-RCT are decreased by 8.9% and 6%, respectively without
considering the road gradient for the base-case duty cycle. The impact of the route grade
for the second duty cycle with a relatively flat terrain is lower compared to the base-case.
Over the examined second route, fuel consumption and GHG emissions without

considering the grade factor is reduced by 5.8% and 5.3% for the D-RCT and BE-RCT,
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respectively. Comparing to the baseline duty cycle, fuel consumption over the second cycle
for the D-RCT and BE-RCT is reduced by 18% and 12%, respectively which is consistent
with its relatively flat terrain and consequently the lower characteristic acceleration of the
second duty cycle compared to the base-case.

The change in energy consumption of both type of trucks is presented in Figure 31 based
on the diesel/equivalent diesel fuel use for the developed duty cycles within their grade
profiles. The impact of the route grade (compared to the flat terrain) on fuel consumption
1s lower for the BE-RCT than that of the D-RCT, since the BE-RCT sees the benefit of the

regenerative braking over the downhill driving which consequently reduces the overall fuel

increase.
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Figure 31) Route grade impact on fuel use of the D-RCT and BE-RCT

4.2.4.3 Payload mass

Another parameter which affects energy use of the collection refuse trucks is the amount
of payload added to the vehicle incrementally. Based on the Saanich reported data
presented in Section 2.2.2, the average collected waste mass varies between 6600 kg to a
maximum of 8600 kg per truck per day. Through the sensitivity analysis, we examined the
performance of the refuse collection trucks over the range of 50% and 100% payload
capacity (5 to 10 tonnes of waste) to span the minimum, the average and the maximum

values expected for the collection fleet
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Table 29) Sensitivity analysis of the payload mass on D-RCT’s fuel use and GHG emissions

D-RCT fuel use/

WTW GHG emissions
Payload mass (t) Lowip | Lp/100km I;ig(%?(iiq Lp /100km.t
5 65.9 100.6 369.7 20.1
6.6 68.7 104.9 385.5 15.9
7.8 71.2 108.7 399.5 13.9
8.6 73 111.4 409.4 13
10 77.1 117.8 432.9 11.8

Table 30) Sensitivity anal

ysis of the payload mass on BE-RCT fuel use and GHG emissions

BE-RCT fuel use/

WTW GHG emissions
Payload mass (t) | kWhp | kWh/100km | Lp.eq/100km I;ig(i)?(i:q KWHh/100km.t
5 145.5 222.1 21.9 2.1 44 .4
6.6 153.8 234.7 23.2 2.3 35.6
7.8 161.5 246.5 24.3 2.4 31.6
8.6 168.3 256.9 253 2.5 29.9
10 178.5 272.4 26.9 2.6 27.2

The payload mass change is considered due to the change in average mass of each loaded

bin; hence the number of stops is assumed to be the same with the base-case duty cycle. It

should be noted that within the bin’s mass change, same hydraulic pressure/power are

considered as set design values for trash pickup/packing/dumping functions. The results of
energy use and GHG emissions of the D-RCT and the BE-RCT are presented in Table 29
and Table 30, respectively. According to the results for both D-RCT and BE-RCT, energy

use of both trucks increases with the increase in payload mass, as depicted in Figure 32.
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Figure 32) Payload mass impact on fuel use of the D-RCT and BE-RCT

The change in the payload and consequently the total truck’s weight affects the rolling
resistance, inertia and potential loads proportionally. For the RTDC with the high
characteristic acceleration, the inertia and the potential loads are attributed to higher
portions of the total energy demand (compared to the aerodynamic energy component),
hence vehicle’s fuel use is more sensitive to the payload, and consequently the vehicle’s
mass increase compared to a duty cycle with less kinetic intensities [60]. For the maximum
payload capacity of 10 tonnes (28.2% payload increase), fuel consumption will rise by
8.4% and 10.5% compared to the baseline (with 7.8-tonne payload mass) for the D-RCT
and BE-RCT, respectively. Similarly, the total energy use of D-RCT and BE-RCT is
reduced by 7.5% and 9.9% with 35% reduction in payload mass compared to the base-case
scenario. However, the specific energy use per unit of payload (tonne) (Lp/100km.t or
kWh/100km.t) decreases while the payload increases. Because within the increase in
payload a given percentage weight increase on the empty vehicle becomes a smaller
percentage of the total gross weight, therefore the fuel increase per tonne of the payload
decreases (considering the fact that the empty truck consumes a certain amount of energy

regardless of the payload).
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4.2.4.4 Auxiliary loads

As described before in Section 2.3.4, in this simulation the auxiliary load include the
accessory loads in addition to the vocational hydraulic load. The hydraulic load is applied
as the waste mass is loaded or packed or dumped, but the accessory loads are considered
steady loads which are in operation for the whole duty cycle. To evaluate the impact of the
accessories load change on energy use of the RCTs, a sensitivity analysis of the accessory
power is conducted over a range of 2 kW to 9 kW which is suggested by [60] for heavy
duty trucks. Table 31 and Table 32 present energy use and GHG emissions of the D-RCT
and BE-RCT, respectively considering the auxiliary load changes. The 100% increase in
the accessory power demand (4.5 kW to 9 kW) is founded to increase the energy demand
by 15.2% and 14.8% for the D-RCT and BE-RCT, respectively. Reducing the accessory
load by 55%, decrease energy consumption by 8.1% and 7.9%, for the D-RCT and BE-
RCT, respectively.

Table 31) Sensitivity analysis of the auxiliary load on D-RCT fuel use and GHG emissions

D-RCT fuel use/
WTW GHG emissions
Acc. Power (kW) Lo Lo /100km ljflggocl)(iiq
2 64.5 99.9 367.1
4.5 71.2 108.7 399.5
9 82.1 125.2 460.1

Table 32) Sensitivity analysis of the auxiliary load on BE-RCT fuel use and GHG emissions

BE-RCT fuel use/
WTW GHG emissions
Ace. Pawer (kW) kwh | kwviookm Lo /100km  SE0
2 148.7 227 22.4 20
45 161.5 246.5 243 2.4
0 185.5 283.1 27.9 2.7

As presented in Figure 33 fuel use of the diesel truck is more sensitive to the change in the
accessory load as the accessory power demand is drawn from the engine (considered as the
mechanical accessories) while for the BE-RCT case the power is provided by the battery

within the battery discharge efficiency. On the duty cycle for both trucks, energy use
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reduction over the collection phase is higher compared to the average value over the whole

duty cycle, accounting for 8.7% and 8.4% for the D-RCT and BE-RCT, respectively. The
reason is that the average power demand is lower in addition to the high idling time over
the collection phase.
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Figure 33) The accessory load impact on fuel use of D-RCT and BE-RCT

4.3 Total cost of ownership (TCO)

Once the trucks’ energy use and the GHG mitigation potential of the BE-RCT were
defined, to examine the financial competitiveness of the BE-RCT compared to the
conventional counterpart the total cost of ownership (TCO) analysis was done for both
type of trucks. The TCO presents the full costs of the vehicle over the ownership period,
including the purchase cost as well as the operational and future maintenance costs. In
order to consider the money value for future costs, the present value formula is applied
using two factors: P, ,, for future one-time costs occurring in the m™ year of operation (i.e.,
battery replacement cost), and P, which estimates the integration of future recurring costs

over n years of operation (i.e., operational costs).

P = 1 Equation 31
T (L4 r)m
_(@+nt-1 Equation 32

VT rx (14 1r)n
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where r is the discount rate. Considering the present value formulas, TCO can be defined
by the following equation [16]:
TCO = CAP. + P, X Batgyep + P, X VKT X (0&M oy Equation 33
+ Fuel,. X Fuely,+GHG. X GHGy;,)

where CAF, is the purchase cost of the vehicle ($), 0&M yy, is the maintenance cost per
km ($/km), Fuel, is the fuel price ($/Lp, $/kWh), Fuely,, is the fuel use per km, GHG, is
the emissions tax cost ($/kgC0O2¢q), GHGy,y is the WTW emissions of the vehicle per km
(kgCO2¢q/km), and Bat, . is the battery replacement cost applied for the BE-RCT. The
capital cost is the purchase cost of the vehicle, which for the BE-RCT if any
governmental/manufacturer’s incentive is available, it will be deducted from the initial
purchase cost [83]. The end-of-life value is not considered when the trucks are retired. The
fuel use of the trucks is applied based on the simulation results, while for the BE-RCT, the
charging efficiency of 90% is considered as suggested by [76]. The average daily and
annual distance traveled by the BE-RCT and D-RCT trucks are assumed to be the same,
considered based on the fleet statistics presented in Section 2.3.1. Based on the simulation
results, one charging event is expected for the BE-RCT each day of operation. For a typical
Li-ion battery in EV application, the life-span of 2000-4000 cycles is suggested when
cycled to min 20% SOC through its operation [76], [84]. However, with a conservative
approach, a life span of 1000 cycles is considered for the BE-RCT’s battery pack,
considering the energy use of the hydraulic equipment. With respect to one
discharge/charging cycle a day, one set of battery is required to be replaced during the
lifetime of the truck, in the year 5™ of operation. The diesel fuel price is considered the
average diesel price filling stations in Victoria, BC in 2018, and the electricity cost is
applied based on the business rate for the Medium General Service (MGS) defined by the
BC Hydro [85], [86]. The input parameters for the financial analysis are presented in Table
33, where the costs are based on the CAD dollar, unless specified. The exchange rate of
1.296 is applied to convert the US dollar to Canadian dollar, based on the official annual
exchange rate in 2018 [83]. The operational inputs are defined based on the simulation
results for fuel use and Saanich fleet statistics, and the financial input parameters are

considered as suggested in the literature and/or manufacturer reports.



Table 33) Operational/financial input assumptions for the TCO analysis

TCO input parameters
Discount rate [8] 3%
Vehicle lifetime (y) 7
Annual working days 235
km/day traveled 65.5
Annual km traveled 15,393
Carbon tax (CADS$/t) [11] 35
D-RCT BE-RCT

X?)lz)lgﬁsp;)rchasmg cost 160 [87] 500 [8], [88]
Maintenance cost (CAD$/km) 0.65 [24] 0.4 [8], [88]
Energy cost 1.36 0.0968

CADS$/Lp[86] CADS$/kWh [85]
Battery life-cycle [8] - 1000 cycles
Battery replacement cost [5] - 130 (CAD$/kWh)
Charging efficiency [5] 90%
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Applying Equation 33, the operational costs and the TCO over the vehicle lifetime can
be estimated for both D-RCT and BE-RCT, as presented Figure 34 for the base-case

scenario. In addition to the lifetime cost, Table 34 gives the annual operational costs of the

trucks and determines the correspondent cost savings through the BE-RCT deployment.

Based on the results, by replacing the D-RCT with the BE-RCT, $26,200 operational costs

can be saved per year for the examined fleet.

Table 34) The operational costs and TCO over the vehicle lifetime

Financial analysis D-RCT BE-RCT Savings
Capital cost (1000CADS) 207.8 649.4 -441.6
Amortized capital cost (1000CADS$/y) 33.4 104.2 -70.9
Battery replacement cost (1000CADS) - 28.6 -28.6
Amortized Battery replacement cost ) 3.9 3.9
(1000CADS/y)

Annual maintenance cost (1000CADS$/y) 9.9 6 4
Annual fuel cost (1000CADS/y) 22.8 2.6 20.1
Annual carbon tax (1000CADS/y) 2.15 0.01 2.14
Total operational costs (1000CADS/y) 34.8 8.6 26.2
Total annual cost (1000CAD$/y) 68.2 116.8 -48.6
TCO (1000CADS$) 424.9 727.7 -302.8
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Figure 34) TCO of the D-RCT and BE-RCT for the base-case scenario

As can be noticed, the TCO of the D-RCT and BE-RCT is CAD$424,900 and CAD
$727,700, respectively over the 7-year proposed lifetime of the trucks. The BE-RCT
demonstrates a higher ownership cost by 171% compared to the D-RCT. Hence, within the
expected assumptions, the BE-RCT is not financially profitable compared to the D-RCT.
The reason is the high purchase cost of the BE-RCT which strikes the operational cost
savings, so in order to bring the BE-RCT deployment as a feasible option, financial
strategies are required to be taken. The policies should be taken to compensate for the high
upfront cost difference or take advantage of the BE-RCT benefits in lower GHG emissions
or the elimination of diesel fuel use. The plan can be an increase in either the diesel fuel
price (by increasing the carbon tax), or the incentive to the BE-RCT purchase cost, or a

combination of them.
Table 35) Required operational/financial plans for a feasible deployment of the BE-RCT for the

base-case scenario
Operational/financial strategy requirements

Min required utilization (km/y) 43,917
Max initial cost difference (1000CADS$) 139.2
Min carbon tax (CADS$/1CO2.q) 790
Min fuel price (CAD$/Lp) 2.9
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Based on the proposed assumptions and fuel use level of the trucks for the base-case
scenario, the minimum threshold for each of the mentioned practices is determined which
are presented in Table 35. For instance, if the fuel price increases to 2.9 CAD$/Lp or the
purchase cost difference decrease to CAD$139,200 then the BE-RCT can be commercially
viable for the examined fleet. Regardless of the financial incentives, if the truck utilization
increases to 43,917 km/y (averaged of 187 km/day) the BE-RCT potential in lower
operational costs can also compensate the high difference in the purchase cost.

As mentioned earlier in the TCO’s assumptions, the lifetime of 1000-cycle is defined for
the BE-RCT’s battery pack with respect to the vocational application, however, for an
EV’s Li-ion battery generally 2 to 4 times longer cycle life can be expected if it is being
discharged to 80% or higher DOD under normal operation [76], [84]. A second scenario is
evaluated considering the same input parameters as presented in Table 33, except for a
2000-cycle life-span assumed for the BE-RCT’s battery lifetime. Considering the 2000-
cycle battery’s life-span, with 235 charge/discharge cycles per year, the battery
replacement shifts to the 9 of operation of the BE-RCT. Hence, for the second scenario,
there will be no replacement cost over the proposed 7-year operation time, resulted in lower
TCO and annual costs of CAD$703,000 and CAD$/y 112.8, respectively. While with no
battery replacement cost, the BE-RCT’s TCO is reduced by 3.4%, it still costs 1.65 times
more compared to the D-RCT over their lifetime (Figure 35).

800
700 N
600
Ty W Carbon cost (1000CADS)
<D( 500
O O&M cost(1000CADS)
o —
o 400
S Fuel cost (1000CADS)
S 300 B Battery cost (1000CADS)
’—
200 ® Initial cost (1000CADS)
100
0
D-RCT BE-RCT

Figure 35) TCO of the D-RCT and BE-RCT for the second scenario (w/o battery replacement)



91
The financial criteria for the min trucks’ purchase difference or diesel fuel price are also

reduced in this case compared to the base-case scenario (Table 36). Compared to the base
case scenario, without battery replacement cost slighter adjustments to carbon/diesel prices
and or the EV’s purchase cost are required for a feasible deployment of the BE-RCT in the
collection fleet.

Table 36) Required operational/financial plans for a feasible deployment of the BE-RCT for the
second scenario (w/o battery replacement cost)
Operational/financial strategy requirements

Min required utilization (km/y) 41.594
Max initial cost difference (1000CADS$) 163.2
Min carbon tax (CAD$/1CO2.) 730
Min fuel price (CAD $/Lp) 2.7
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Chapter 5: Conclusion and future work

5.1 Summary
In this work, energy consumption and GHG emissions assessment of a conventional
diesel and a battery-electric refuse truck were conducted for a specific collection fleet as a
case study using the ADVISOR simulator. The main objective was to predict the potential
of the BE-RCT in energy use and GHG emissions reduction if it is deployed in the
examined fleet. In so doing, first a refuse truck duty cycle was generated representing the
stop-and-go driving nature and vocational operation of the refuse truck including mass and
hydraulic cycles. Developing the speed profile of the duty cycle was based on a standard
refuse speed profile, NRTC, developed by NREL, and the grade profile was imported
considering Google map data of the traveled route. Also, within the duty cycle three phases
were introduced with different activity conditions including the no-payload driving sub-
cycle, collection phase and the full-payload driving sub-cycle. The second step was
developing the vehicle model for both type of trucks in ADVISOR. As a base-case study,
the trip route data for a specific truck operating in the collection fleet was considered. The
input for the vehicle models was based on the manufacture vehicle data considering the
limits assumed in the simulator. Considering the duty cycle and the vehicle model, the
operational condition and energy consumption of the trucks over the adopted duty cycle as
well as the sub-cycles were estimated which yielded the data to estimate the GHG
emissions of the trucks. The GHG emissions analysis was conducted considering a 100-
year horizon impact factor for the greenhouse gases. The GHG intensity for diesel fuel was
used based on the GHGenius data and for the electricity BC’s grid released data. Based on
energy consumption values and the WTW GHG intensity of the both fuel types, the WTW
GHG emissions of the trucks were determined over the trucks’ operational lifetime. A
sensitivity analysis over key input parameters, including the battery capacity of the BE-
RCT, the loaded trash, and the auxiliary load was also conducted to estimate the influence
of each parameter on CO> mitigation over the examined duty cycle. A second duty cycle
with a different route profile was developed to assess the impact of the route roughness on
energy consumption of the trucks. Finally, the lifetime TCO for the both trucks was

estimated over a range of financial input parameters from low to high expected values
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within three financial scenarios to assess the financial competitiveness of the BE-RCT over

the D-RCT.

5.2 Outlook and future work
The energy analysis showed the refuse cycle as a high energy-demanding duty cycle with

about 2.9 kWh/km energy use due to the high number of stops along with the vocational
operation with the corresponding mass and hydraulic cycles. The stop-and-go nature of the
RTDC and the rough grade profile also give the high value of negative tractive energy
(1.32 kWh/km) of the refuse cycle and consequently the opportunity of energy savings
through the regenerative braking system of the BE-RCT. Along with the regenerated
energy, the more efficient driveline of the BE-RCT and no fuel use over the idle periods as
well as the elimination of idle hydraulic loads over the moving resulted in 77.7% reduction
in total energy use in case of the BE-RCT compared to the diesel counterpart. Within the
sub-cycles, the diversity of the sub-cycle metrics (e.g., average total speed, idle time,
characteristic acceleration) resulted in large variations in power and energy demand over
the sub-cycles compared to one another.

Based on the simulation results for the base duty cycle, a BE-RCT with minimum battery
capacity of 220 kWh is required to meet the fleet duty cycle requirements. However, it is
recommended to consider a battery pack with a higher capacity of 250 kWh as electric
power use of BE-RCT’s hydraulic equipment can accelerate the battery’s aging process
and consequently its usable capacity. By adopting the BE-RCT for the proposed fleet,
16,732 L of diesel fuel can be saved annually resulted in mitigating 61.1tCO2¢q /'y GHG
emissions.

Analyzing higher battery capacities of 250 kWh and 300 kWh for the BE-RCT revealed
an increase in energy consumption (kWh/100km) by 0.8% and 3.2%, respectively due to
the increase in the truck’s tare weight, however, it increased the expected range to 80.5 and
94.4 km, respectively.

Sensitivity analysis of the payload mass revealed that a 28.2% increase in the incremental
payload increases energy use of both D-RCT and BE-RCT by 8.4% and 10.5%,
respectively. As each tonne of the payload is about 6% of the tare weight of the trucks, and
regardless of the loaded mass the empty truck consumes fuel during transportation, the

specific energy use per payload tonne is decreased with the payload increase for both
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trucks. The change in accessory loads was found to have a considerable impact on energy
use for both models due to the significant amount of idling time over the RTDC. As
examined, a 50% increase in accessory loads leads to 15.2% and 14.9% increase in energy
use of the D-RCT and BE-RCT, respectively. Concerning the route grade, energy use of
D-RCT and BE-RCT was analyzed over the base and second duty cycles with and without

grade profile. Testing the base duty cycle, energy use is reduced over the flat route by 8.4%
and 6.4% for the D-RCT and BE-RCT, respectively. The BE-RCT energy use increase due
to the route grade is lower than the diesel counterparts as it takes advantage of the potential
to regenerate the negative tractive power. The characteristic acceleration/deceleration of
the second cycle was found lower than those of the base cycle resulted in lower energy use
compared to it, while for the second cycle energy use without considering the gradient was
decreased by 4.6% and 5.6% for the D-RCT and BE-RCT, respectively.

The TCO analysis showed that the BE-RCT cannot financially compete with the D-RCT,
as for the base-case scenario the lifetime cost of the BE-RCT is 171% higher than the D-
RCT. The high purchase cost of the BE-RCT along with the low cost of the diesel fuel and
carbon tax compensate the advantage of the BE-RCT in fuel and emissions costs savings.
In order to bring the BE-RCT adoption financially profitable the BE-RCT should be
deployed in a fleet with higher annual utilization, or there should be considerable incentive
for the purchase cost of the BE-RCT and/or sufficient increase in carbon tax/diesel fuel
price which demands effective actions from the government or manufacturers to ease the
deployment of the BE-RCT in collection fleets.

The emissions analysis and the financial profitability of the BE-RCT vs. D-RCT are
mainly related to the trucks’ energy consumption corresponding to the vehicle input data
and the operational duty cycle. If any test or on-route data for the trucks’ operation,
including the drivetrain data and real-world speed profile can be available, it is worth to be
applied to the model done in this study. Particularly, with higher accuracy operational data,
it can be explored how the diesel and electric drivetrains might be impacted by duty cycle
metrics and route grade. Further research could also look at opportunities in other fleets,
which can take advantage of the battery-electric vehicles specifically within the fast-pace
introduction of the medium-duty and heavy-duty BEVs into the market. That can be looked
through fleets which their duty cycles include low/moderate driving speed, high idling
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time, high characteristic deceleration (with aggressive and/or a high number of stops-and-
goes), e.g., package delivery fleets, port drayage fleets, utility fleets, transit buses, school
buses. Also, more exploration can go through the other collection fleets as the duty cycle
is specific to each fleet, which impacts the BE-RCT deployment assessment.

The TCO analysis can be extended with respect to technology improvements in the future
and/or the near-term changes in financial parameters. The drivetrain efficiency and
battery’s lifetime improvements can be examined to predict the performance/financial
profitability of BE-RCTs compared to their conventional counterparts. Specifically for the
BE-RCT, as its initial cost incorporates a considerable part of the total cost, reduced BE-
RCT’s purchase price can be examined to evaluate the readiness of the market for
deployment of this technology in refuse fleets. A degradation model can also be applied to
estimate the battery’s lifetime and correspondingly the replacement cost significance on
the TCO of the BE-RCT. Considering the future energy trends, additional scenarios with
predictions for diesel fuel and associated carbon prices can measure the fuel/carbon price

impact on the competitiveness of the BE-RCT compared to the conventional counterpart.
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Appendix

Financial calculation:

Amortization, and present value factors:

Amortization factor: f rx (1+7r)"
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