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Abstract

Range is a primary issue regarding the adoption of battery-electric vehicles. In-shift charging
offers an alternative to extending range without the need for a heavier, more expensive battery.
This paper recognizes that daily log truck productivity is a result of a small number of discrete
events (loads delivered to a demand point). Delays such as in-shift charging become very
important if they result in a lost load. If n is the number of loads a truck can deliver in a day
without delays from in-shift charging, then the expected number of loads a truck can deliver
with in-shift charging delays is n-1+ prob, where prob is the probability of completing the last
load. The choice between a larger battery capable of a full day’s operation and a smaller battery
that requires in-shift charging is formulated as a breakeven problem. Solving for the value of
prob where the net revenue earned by the larger battery truck is equal to the net revenue earned
by the smaller battery truck provides a battery size decision-point. Conducting a sensitivity
analysis, the three factors that had the greatest impact on battery size selection were the haul-
ing rate ($/tonne), the difference in net load, and the difference in depreciation cost between

the large and small battery trucks.
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1. Introduction

Range is the primary issue regarding the adop-
tion of battery electric vehicles. Recently, a number
of heavy truck (Class 8) manufacturers have devel-
oped battery-electric truck tractors that are capable
of being deployed in the logging industry. These in-
clude Kenworth (Kenworth 2022), Peterbilt (Peterbilt
2022), Freightliner (Freightliner 2022), Volvo (Volvo
2022), and Scania (Scania 2022). All have a two-speed
transmission that can provide the necessary torque
for mountainous operation. Current models have
battery packs with 300-500 kWh capacity for short-
range applications. A case study estimated that up to
1000 kWh would be required for full day operation
of a battery-electric log truck operating in mountain-
ous conditions, when including energy recovery
through regenerative braking (Sessions and Lyons
2019).

Current practice in the logging industry is to fuel
the truck once per day, usually off-shift. For diesel
log trucks in Oregon and Washington, this requires

about 0.304 tonnes of fuel per day (Mason et al. 2008).
An equivalent lithium-ion battery might weigh 4-5
tonnes (Hunter et al. 2021). Thus, storing energy in
liquid fuels or batteries is not a one for one trade, and
this paper will consider two battery size options.
There has been interest in establishing charging sta-
tions along interstate highways to take advantage of
using smaller batteries that could reduce battery
weight (Burke 2022). Studies suggest that battery-
electric heavy trucks will be less costly than diesel
trucks by 2030 (Hunter et al. 2021 and Burke 2022). It
is suggested that in-shift charging of smaller battery-
electric heavy trucks is more cost efficient than larg-
er battery-electric heavy trucks (Burke 2022).

To charge a battery suitable for heavy trucks re-
quires a high-power charger discharging direct cur-
rent (Level 3) as compared to the smaller alternating
current chargers (Level 2) that are used for many
passenger cars. Currently, Level 3 chargers are in the
range of 50-350 kW, but 500 kW are now being de-
ployed (Doll 2022). A level 3 charging station costs
several hundred thousand US dollars (Burke 2022).
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It is common for a log truck to pick up a load of
logs in the forest and deliver this to a mill (processing
facility). The truck makes several trips per day, often
to the same mill. Since mills are the destination for log
trucks, they would be a potential location for an ultra-
fast charging station where charging could be 500 kW
at voltages of 400 or 800 volts. Large trucking compa-
nies or integrated forest industries are more likely to
make an investment in this new technology. In this
paper, we introduce a decision-making framework for
amill with its own logging trucks to compare purchas-
ing a battery-electric truck for log transport with a
smaller battery and charging at the mill during the
day, to the alternative of purchasing a larger battery
that does not require charging during the shift. The
economic issues are battery cost, battery capacity
(kWh), battery weight (tonnes), net vehicle weight
available for cargo (tonnes), in-shift time required for
charging, and charging station investment. The bat-
tery can be the single largest cost for the battery-elec-
tric truck, and this combined with battery weight lim-
its the maximum size of the battery in Class 8 vehicles.
Alternatively, if in-shift charging time is significant,
this could reduce the number of trips the truck can
make in a day, and this limits the minimum size of the
battery.

2. Materials and Methods

We assume that a mill has at least part of its fleet
with battery-electric log trucks under two scenarios:

Scenario 1: Each of the battery-electric log trucks
has a large battery with sufficient charge capacity so
that in-shift charging is not required.

Scenario 2: Each of the battery-electric log trucks
has a smaller battery that must be charged at least once
per day in-shift and the remainder out-of-shift.

We assume that the truck fleet operates as a profit
center, maximizing net revenue per truck per day. The
tradeoffs between a truck with a battery of sufficient
capacity to run all day and recharge off-shift as com-
pared to a truck with a smaller battery that must re-
charge in-shift are:

= the larger battery is more expensive and heavier,
reducing the weight of logs (tonnes) per load
= the smaller battery requires in-shift charging
time, which may preclude getting the last load
of the day.
As a first approximation, the net revenue per day for
the truck with the large battery is:

NR,= (RT,- VC)n - D,~ LC — OF (1)
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The net revenue for the truck with the small battery
is:
NR,= (RT,- VC)(n - 1)+ Prob(RT,~VC) - D,-LC-OF (2)
Where:
NR; the net revenue per day for truck type i, USD

R the trucking rate per tonne hauled, USD/
tonne

T; theload weight for truck type i, tonnes

VC the variable costs for operation and mainte-
nance, tires, recharging, USD/trip (assumed
the same for both truck configurations)

the depreciation for truck type i, USD/day
LC the labor cost per day (USD/day) assuming
that the truck driver is working the same
length day in each scenario

OF the other fixed costs for licenses, permits,

insurance, property tax, USD/day

n  the number of trips per day that are possible

without in-shift charging

Prob the probability of completing the last load of

the day when using a smaller battery and
in-shift charging.

Depreciation and labor costs are considered fixed
costs, which vary by the truck type. Property taxes,
insurance, licenses are grouped under Other Fixed
Costs. All other costs are lumped in variable costs in-
cluding operating and maintenance costs, tires, and
electricity cost. Electricity costs include the charging
infrastructure.

Due to in-shift time required to recharge the small-
er battery, we seek to identify the minimum probabil-
ity of achieving the last load of the day that would
make the net revenue between the truck with larger
battery equal to the net revenue of the truck with the
smaller battery. We assume that the variable costs, la-
bor costs, and other fixed costs of the two truck options
are the same and examine the impacts of those as-
sumptions in the sensitivity analysis.

Setting NR, = NR,, and simplifying;:
(RT-VC)n-D,=(RT,-VC)(n-1)+Prob(RT,~VC)-D, (3)
We solve for the breakeven probability of achieving
the last load per day using the truck with the smaller
battery as
_(RT}-VOn - (RT,-VC)(n-1)-D,+ D, 1
- (RT,-VC) @)

Prob

The National Renewable Energy Laboratory
(NREL) evaluated alternative renewable energy heavy
truck powertrains including compressed natural gas,
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hybrid-electric diesel, plug-in hybrid-electric vehicles,
battery-electric, and fuel cell-electric power trains
(Hunter et al. 2021). Their evaluation suggested that
by 2025 battery-electric would be competitive with the
lowest cost alternatives for single-shift weight-limited
scenarios, and by 2050 it would be the lowest cost al-
ternative. The NREL study estimated that battery-
electric trucks were less competitive for multi-shift
operations where trucks must be recharged during
the shift. For our analysis, the purchase price and bat-
tery weight estimates provided by NREL will be used
(Hunter et al. 2021). Short et al. (2022) estimate the av-
erage annual kWh per heavy tractor-trailer combina-
tion in the US to be 142,688 kWh, and for a 200-day
work year, this results in 713 kWh/day. Given unpaved
logging roads have higher rolling resistance and
steeper grades than paved public highways, and that
log loads do not usually have fairings to reduce drag,
the kWh/day for a log truck could be higher than the
US average heavy tractor-trailer combination. Sessions
and Lyons (2019) conducted a case study that estimat-
ed battery capacity required for log trucks in moun-
tainous terrain. Drawing from their case study, it can
be assumed that 900 kWh is required for full day op-
eration (100 km one-way trip, three times a day). Thus,
the NREL 1173 kWh battery is used to simulate the
truck requiring only off-shift charging and the 682 kWh
battery as the option to charge, at least partially, in-
shift (Table 1).

Short and Crownover (2022) compare a class 8 sleep-
er cab truck with an internal combustion engine (ICE)
to a battery electric vehicle (BEV). The battery used in
the BEV version is large (7.7 tonnes). Using the truck
weight values suggested by Short and Crownover
(2022) and the small battery option considered in this
paper, results in the ICE tractor weighing 8.3 tonnes
and the BEV tractor weighing 9.9 tonnes. Given the
rapid changes in battery technology, the 1.6 tonne dif-
ference between these two options is relatively small.

Table 1 Battery-electric truck inputs and financial data (Hunter et
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An average gross vehicle weight of 40 tonnes
(Table 2) is used, which is the maximum gross vehicle
weight typically permitted for a six-axle truck/trailer
in Washington and Oregon (Mason et al. 2008). The
net log load will depend upon the weight of the truck
tractor and trailer. For the Washington study, the av-
erage largest legal load for the truck configurations
surveyed was 26.7 tonnes. We assume that the pow-
ertrain for the truck with smaller battery will have
the same weight as the powertrain for the diesel
truck, 3.1 tonnes (engine, drivetrain, diesel fuel, fuel
tanks), and that the larger battery truck will result in
areduced log load of 2.2 tonnes due to battery weight
(5.3-3.1 from Table 1).

In the following, we use local data to estimate
starting values for a sensitivity analysis. Mason et al.
(2008) found that the cost of owning and operating a
log truck for a multi-truck company was $212,000
(equivalent to $288,000 in February 2023). We assume,
on average, that companies must recover their costs
for a sustainable industry. Back calculating at 3 trips
per day, 40 weeks per year yields $18 per tonne
[$288,000/(3 x 26.7 x 200 days)].

In our simulations for the battery-electric trucks,
a 7% discount rate (real) (Hunter et al. 2021) is used
for calculating equivalent annual costs for straight-
line depreciation and a 7-year life. Since we are only
interested in the difference between depreciation
rates, and the difference is due to battery cost, zero
percent salvage is assumed due to technological ob-
solescence. Public incentives for battery electric truck
adoption were not considered. The difference in the
purchase price between the truck with the large bat-
tery and the small battery is $93,000 (i.e. the difference
in cost presented in Table 1). The equivalent annual
cost at 7% discount rate is $17,256 or $86.3 per day. The
equivalent annual cost is calculated as annual capital
recovery for a uniform series of terminating pay-
ments (Bierman and Smidt 1984).

al. 2021). Table 2 Log truck survey data for state of Washington, USA (Mason
Category Value Unit etal. 2008)

Large battery (1173 kWh) truck cost 316,000 usD Category Value Unit
Small battery (682 kWh) truck cost 223,000 usD Average Maximum Gross Vehicle Weight 40.0 tonnes
Large battery weight 53 tonne Average Maximum Legal Load 26.7 tonnes
Small battery weight 3.1 tonne Median loads per day 3 loads/day
Truck Life 7-10 years Median one-way distance per trip 97 km
Discount rate (real) 7 percent Median hours per day 12 hours
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Variable costs consist of electricity plus charging
infrastructure, truck maintenance, and tires (Table 3).
We assume that the ultra-fast DC charging station at a
mill could provide 500 kW at 800 volts and that a charg-
ing location area was available. To identify if this was
feasible in western Oregon and western Washington,
nine major mills were surveyed. Our mill survey iden-
tified that adequate power was available, and identi-
fied an electricity cost of $0.04-0.06 per kWh as the
industrial rate at these sites. From the literature, a 500 kW
ultra-fast DC charger, including infrastructure and
installation would cost about $500,000, or about $1000
investment per kW of charging capacity (Evadoption
2021). The cost of electricity for charging is the sum of
the electricity to the charger and the cost of the charger
prorated over the number of kWh per year. We assume
that the charger is being used 30% of each trucking
day or 7.2 hours per day at 500 kW for 720,000 kWh
per year. The equivalent annual cost of the $500,000
charging station investment (7 percent real discount
rate, 7-year life) is $92,777. Thus the cost of electricity
to the truck is the cost to the electricity supplied to the
charger ($0.05 per kWh) plus the cost of the charger,
$0.13/kWh ($92,777/720,000 kWh), for a total of $0.18
per kWh. This is equivalent to $54.00 per trip (900
kWh/3 x $.18/kWh), or $13.5 per hour (4 hours per
trip). Other variable costs considered are operation
and maintenance of $9.75/hr (Hunter el al. 2021), and
tire costs of $3.79/hr ($9100/year inflation adjusted
from (Conrad 2018) divided by 2400 hr/yr) for a total
of $27.04/hr or $108.16 per trip.

3. Results

Substitute R =18.0, T, =24.5, T, =26.7, VC =108.2,
n=3, and D, - D,=86.3 into Eq. 4, then the breakeven
probability is 0.44. Thus, if the probability of complet-
ing the third load of the day is greater than 0.44, the
truck with the smaller battery has a higher daily rev-
enue than the large battery truck. If the probability of
completing the last load is less than 0.44, the truck with
the larger battery has a higher daily revenue.

Table 3 Variable costs for base scenario
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To evaluate the sensitivity of the breakeven prob-
ability to the input parameters, selected input param-
eters were changed from their base values by multi-
plying the base value by 1.25 (+25%) or by 0.75 (-25%)
holding all other inputs constant. For a 25% change in
parameters, the breakeven probability was most sensi-
tive to truck revenue per unit of logs and change in net
load due to the difference in battery weights (Table 1),
and least sensitive to discount rate, charging station
cost, and charging station utilization (Table 4). Expla-
nations for the directions of the changes are as follows:

= increasing the revenue per tonne increased the
breakeven probability. This result is due to the
combined effects of the difference in payload
between the large and small battery trucks, and
the value of the small battery truck hauling the
last load

= increasing the difference between the log load
for the large and small battery trucks (T,~T;) re-
duced the breakeven probability because in-
creasing the difference in payloads reduces the
effect of hauling one less load with the small
battery truck

= increasing the difference in depreciation cost
(Dy—D,) for the truck with the larger battery re-
duced the breakeven probability as the larger
battery investment increased its cost

= increasing the variable cost has a similar effect
to reducing the truck revenue. Increasing the
variable cost reduced the net truck revenue for
aload, and for the smaller truck, this reduces the
penalty for missing the last load, thus, the break-
even probability decreases

= increasing life of the truck and the charging sta-
tion reduces fixed costs, which favors the larger
battery and increases the breakeven probability

= increasing the cost of the charging station in-
creases variable costs, which has the opposite
effect as increasing charging station utilization
and slightly favors the smaller battery and re-
duces the breakeven probability.

4. Discussion

500 kW chargers have been used in this analysis.
These chargers are in early stages of deployment but
they are expected to be widely available by 2025 (Doll
2022). Although cost of electricity in Oregon and
Washington is low, the cost of charging infrastructure
can significantly increase the final cost. We have made
assumptions about the charging infrastructure and
provided some insight into the sensitivity of the break-
even probability to those assumptions. Change in

Category Value Unit
Electricity including charging infrastructure 13.50 USD/hr
Operations and Maintenance 9.75 USD/hr
Tires 3.79 USD/hr
Total Variable Cost per hour 27.04 uSD/hr
Total Variable Cost per trip (4-hour trip) 108.16 USD/trip
386
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Table 4 Sensitivity of breakeven probability to 25% change in selected parameters using Eq. 4

J. Sessions et al.

Paramster Base Valle Unit Breakever.l Probability for Breakeve‘n Probability of
+25% in parameter —25% in parameter
Change in truck revenue (R) 17.96 $/tonne 0.52 0.30
Change in truck load difference (7,~T,) 2.232 tonne/load 0.36 0.52
Change in depreciation cost difference(D,~0,) 93,000 $ 0.39 0.50
Change in variable cost (/C) 27.04 $/hr 0.40 0.48
Change in discount rate 7 percent 0.43 0.46
Change in truck and charging station lives 7 years 0.49 0.37
Change in charging station utilization 30 percent 0.46 0.42
Change in charging station cost 500,000 $ 0.43 0.46

charging station utilization can also affect the results.
The scenarios considered in this paper placed all
charging at the mill, both in-shift and off-shift. Other
scenarios are possible, for example, off-shift charging
off-site. This would decrease utilization of the charger
at the mill, increasing electricity costs for that portion
of the electricity budget. Off-site charging might also
be at a higher cost than the industrial rates observed
from our mill survey. We have assumed that the bat-
tery is an integral part of the truck, i.e,, it is not re-
moved during charging. An alternative model is being
deployed in China (Xiao 2022) and Australia (Janus
Electric 2023), where three tonne batteries are being
swapped at recharge time in only a couple of minutes.
This requires a truck design where the battery is de-
signed to be easily removed, such as between the cab
and safety rack. The upside of the battery swap mod-
el, if applied to our problem, is that the probability of
completing the last load would approach 1.0. Impor-
tant considerations in the battery swap model are the
availability of the battery swappable truck designs, the
ratio of batteries per fleet to trucks per fleet, and the
cost of the swapping/recharging station.

Formulating this problem as the breakeven prob-
ability where the net revenue for the large battery op-
tion equals that of the small battery option will be use-
ful for truck fleet managers. Many factors affect the
number of loads per day a log truck can deliver, and
these factors are continually changing. The distance
between the pickup and delivery points varies regu-
larly as the logging operation moves to different units.
The time to travel a route can change with weather
conditions. The time to load the truck depends on the
size of the logs being loaded. Delays waiting to be
loaded and unloaded can be a function of mechanical
breakdowns and congestion with multiple trucks
competing for access. The truck manager has the op-

tion to send trucks on longer or shorter routes, and by
managing these choices, is able to mitigate the risk of
losing a load on a particular day. Methods such as
Monte Carlo simulation, where parameter values are
selected from distributions, could be very useful for
estimating the probability of making the final load of
the day in a particular operation. This probability
could be compared to the breakeven probability for
the large or small battery option (in-shift charging or
off-shift only charging). If the probability of making
the last load of the day was greater than the breakeven
probability, then the preferred choice would be the
smaller battery and in-shift charging.

If the probability of making the last load with the
smaller battery scenarios were larger than the break-
even probability, but less than 1.0, then truck produc-
tivity (tonnes/day) would be lower than the larger
battery option. This would require a larger fleet with
additional drivers. These potential impacts were not
considered in this study. The sensitivity analysis con-
sidered the effects of a 25% change in selected param-
eters holding all other factors constant. Sometimes fi-
nancial factors are correlated, for example, revenue,
cost, and discount rate changes. These factors could
then be grouped into low cost, medium cost, and high-
cost scenarios. We chose to vary factors one at a time
to isolate their individual effects, but grouping factors
might provide additional insight. This study did not
include the effects of taxes and subsidies. Taxes or sub-
sidies that favor one scenario above another could af-
fect the breakeven probability.

5. Conclusions

This paper conducted a sensitivity analysis consid-
ering factors that affected the breakeven probability of
completing the last load of the day when using in-shift
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charging. Three factors that had the greatest impact
were hauling rate ($/tonne), and the difference in net
load and in depreciation cost between the large and
small battery trucks. Increasing the hauling rate results
in a higher breakeven probability, while increasing the
difference in net load and depreciation reduced the
breakeven probability. These differing results highlight
that the decision on whether to use in-shift charging
must be made in the local context. The local context
includes straight forward parameter values such as en-
ergy cost and haul rates, but also understanding the
local hauling options and how these can be manipu-
lated in order to maximize the likelihood of completing
the last load of the day when in-shift charging. The
methods presented in this paper allow managers to use
their own judgement to game the probability values
and to consider which option (large or small battery)
provides them the best opportunity for success.

Future work includes considering battery swap-
ping and charging station utilization. Swapping bat-
teries rather than delaying the truck during in-shift
battery charging is an alternative strategy. The battery
swap model permits use of a smaller battery, lower
truck investment, and reduced in-shift charging time.
This would require an alternative truck design for the
North American market. Our estimate of charging sta-
tion utilization needs additional study. The more
trucks that can share the same charger, the lower the
recharging cost per unit of energy. Dispatching trucks
to reduce waiting time at the charging stations will be
important. Discrete simulation of the truck fleet could
improve estimates of truck workload (kWh per day)
and driver waiting time.

We have not considered the charging station man-
agement model. Possible models might be an entity
that manages charging stations at several mills, a
charging station managed by a mill or the owner of
several mills, or a charging station operator that man-
ages both industrial charging at mills and commercial
charging off-site. Future work should include discrete
simulation of truck operations to better understand
truck workloads, queuing times at the charging sta-
tion, and evaluation of different business models.
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