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ABSTRACT

Transit operators are gradually incorporating hybrid and electric vehicles in existing conventional-
drive and natural gas fleets, in an effort to improve carbon-footprint of transit services. Naturally,
there are significant trade-offs in terms of purchase, operation and management costs between the
various propulsion systems, which complicate fleet replacement and vehicle purchase decisions
for agencies. To that end, the objective of this study is to provide an ex-ante evaluation of bus fleet
management plans in cases of fleets with mixed propulsion technologies. An integer programming
model is exploited for that purpose, seeking to minimize the total cost of purchasing, operating
and selling buses, under various fiscal and operational constraints. A realistic data set from various
10  sources is collected and a thorough scenario analysis is performed to assess the various trade-offs
11  between different propulsion technologies. Results show that the largest reduction in the fleet
12 management cost stems from favorable conditions for the purchase of more fuel-efficient types of
13  buses, such as electric and natural gas buses.
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1 INTRODUCTION
2 Sustainability in urban transportation is undeniably one of the main concerns of the 21% century.
3  Since the Kyoto Protocol, environmental directives and policy initiatives have been put forward
4 to ensure that the carbon footprint of road transport sector is decreased (1). Given the number of
5 passenger-miles traveled each year by buses, deploying alternative fuel vehicles in public
6 transportation fleets has the potential to greatly reduce transportation-related environmental
7 impacts (2). In this context, public transport operators have begun to introduce environmental
8 friendly bus fleets. In the past 15 years, many public transport authorities worldwide have adopted
9 natural gas (NG) buses to limit air pollutants emitted by bus fleets (3,4), with compressed NG bus
10  purchases accounting for 20%—25% of U.S. transit bus sales (5). Hybrid diesel-electric and electric
11  propulsion technologies have also emerged as alternative options for transit fleets. Indeed, hybrid
12 diesel-electric vehicles are already used by several agencies (4, 6-8). Further, electric vehicle
13 demonstration projects are underway in several cities both in the US (9,10) and Europe (11). As a
14  consequence of the adoption of new vehicle types, transit agencies are called to operate mixed bus
15  fleets, as hybrid and electric vehicles are gradually incorporated in existing diesel and natural gas
16  fleets (12).
17 The simultaneous presence of different vehicle types naturally complicates fleet management
18 strategies. In general, transit operators are faced with multiple decisions regarding fleet
19  management, such as when and how many buses to sell or purchase. The problem is complex even
20 in the case of homogeneous fleets, as decisions for a certain year affect the performance of the
21  operator in the following years (13). Further, the provision of high-quality service to passengers
22  and the minimization of financial cost constitute conflicting objectives both of which affect fleet
23 replacement strategies. On the one hand, the purchase of new vehicles enhances the level of service
24 quality and the public image of the operator, thus affecting long-term financial viability (14). On
25  the other hand, operators want to make the most out of the capital investment in vehicles by
26  exhausting vehicle age limits, while budget constraints naturally apply as well (15). Further
27  complicating relevant decisions, the condition of buses is also obviously linked with maintenance
28  and operating costs, as the latter rise with vehicle age (16). The associated fleet replacement
29  problem arising for operators must thus aim to reconcile conflicting goals in an efficient manner.
30 Nevertheless, bus replacement decisions for transit agencies are typically based on rules of the
31  thumb and fixed replacement schedules (14, 17). In mixed fleets, however, the trade-offs between
32 the various technologies must be taken into consideration within an optimization framework, as
33 purchase, maintenance and operating costs vary across different technologies and thus, largely
34  affect optimal replacement strategies (17). Moreover, existing literature on optimal transit fleet
35  maintenance has not yet addressed the incorporation of natural gas and electric propulsion vehicles
36 intransit fleets. In this context, this work aims to determine the optimal fleet management plan for
37 a transit operator, considering four propulsion technologies: diesel, hybrid, natural gas, and
38  electric. The problem is realistically modeled based on a wide data collection from research
39  studies, practice reports, policy briefs, and online databases and solved using integer programming.
40 The model can be used by transit operators to assist in management decisions during their
41  transition from conventional to alternative fuel fleets.
42 The remainder of this manuscript is organized as follows: The following section reviews
43  the literature on fleet management models, focusing on mixed fleets. Subsequently, the
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1 mathematical formulation is provided. The application of the model is then described in detail and

2 athorough sensitivity analysis is performed. Finally, key findings are discussed.

3 BACKGROUND

4 In the relevant literature, the problem that formally describes the decision-making process faced

5 Dby transit agencies with respect to vehicle replacement is referred to as fleet replacement problem

6  (14). Over the years, several studies have devised relevant fleet management models, which

7 consider decisions regarding the timing of salvaging old vehicles and purchasing new vehicles, the

8  types and number of vehicles to replace/purchase and which maintenance actions to take (13- 20).

9 Simms et al. (13) were the first to propose an optimization model for bus fleet management. A
10  combination of dynamic and linear programming was used to determine the number of buses to
11 buy/sell and the timing of the sale. Similarly, Keles and Hartman (14) proposed an integer
12 programming formulation for transit fleet management, considering various operating factors and
13  different bus manufacturers. Khasnabis et al. (18) presented an asset management strategy for US
14  state Departments of Transportation to optimally select between purchasing new buses and
15  rebuilding existing buses and to fairly distribute available funds among transit agencies. In the
16  same context, Matthew et al. (19) proposed a non-linear optimization problem to maximize the
17  total weighted average remaining life of a conventional transit fleet considering bus replacement,
18 remanufacturing and rehabilitation. Building upon this work, Mishra et al. (20) modified the
19  optimization problem to minimize the net present cost of the financial investment of the operator.
20 A few other studies attempted to estimate the optimal point in time to replace a bus. In this
21  direction, Boudart and Figliozzi (15) developed an integer optimization model to determine the
22 optimal timing for bus replacement, taking into account emissions, maintenance costs, salvage
23 value and vehicle utilization. Similarly, Riechi et al. (16) proposed a methodology combining
24 Monte Carlo simulation and life cycle cost analysis using real data from a small Spanish transit
25  operator to determine the optimal timing of replacement.
26 These studies, however, considered conventional diesel vehicle fleets. A few studies have
27  addressed management and replacement decisions in the context of heterogeneous fleets featuring
28  various propulsion technologies. Nevertheless, the majority of these studies have so far dealt with
29  commercial vehicle fleets. In this line of research, Figliozzi et al. (21) proposed an integer
30  programming vehicle replacement model for private vehicle fleets considering diesel, hybrid, plug
31 in hybrids and electric vehicles and fiscal policies such as emissions trading and taxes. Similarly,
32  Feng and Figliozzi (22) proposed an integer programming model for commercial vehicles
33 considering electric motor and diesel trucks. Recently, Ansaripoor et al. (23) presented a stochastic
34  mixed integer programming model for fleet management considering fossil fuel and electric
35  vehicles. Economic parameters such as fuel and CO; price were treated as stochastic variables and
36  the goal of the proposed model was to minimize the total expected cost and financial risk. In the
37  only approach to consider multiple fuel technologies for transit operators, Feng and Filgiozzi (17)
38  presented an optimal bus fleet replacement model using real world data from a transit operator in
39  Seattle, considering diesel and hybrid diesel vehicles.
40 To the best of the authors’ knowledge, there is no study dealing with fleet replacement decisions
41  in the context of transit fleet management which considers NG and electric vehicles. This fact is
42  all the more surprising, considering that NG vehicles are widely used in public transport (3, 5),
43  while electrification of bus networks is in the works in many cities worldwide (9-11). To that end,
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1  the present study extends an existing formulation to incorporate CNG, hybrid, electric and diesel
2  buses in an optimal fleet management model. A rigorous data collection is conducted in order to
3  realistically model the problem at hand and investigate the various trade-offs between alternative
4 technologies.
5 PROBLEM FORMULATION
6 A deterministic problem formulation is adopted. The various economic parameters are treated as
7 known functions of time (22) and a thorough sensitivity analysis is performed later on to estimate
8  their effect on model results. The mathematical model is borrowed from (17,21,22) and extended
9  toconsider fleet size requirements for transit operators. Adding fleet size constraints was necessary

10  since the vehicle utilization constraint might be satisfied by a smaller number of vehicles, yet

11  passenger demand may not be satisfied in such a scenario. Let:

12 Xijjk: the number of type-k buses of age i in operation at year |

13 Yij: the number of type-k buses of age i sold at year j

14 Pjk: the number of type k buses purchased at year |

15 ke K={1,2,...K}: Bus type

16 i€ A, =1{01,...,A;}: age of k-type bus

17  jeT =1{0,1,2,...,T}: year within planning horizon

18  w: cost for bus of type k

19  Db;: purchase budget for year j

20  oijk: energy cost/km for type-k bus of age i at year |

21  dr: depreciation rate of money

22 sik sale revenue for type-k bus of age i

23 mix: maintenance cost for type-k bus of age i

24 uic utilization (in km) for type-k bus of age i

25  hi initial number of type-k buses of age i

26  dj: Minimum number of km per year

27  Fmax maximum fleet size

28  Fmin minimum fleet size

29  eik: CO2 emissions for type-k bus of age i

30  ec: cost per COz-ton

31
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The problem is then defined as follows:

A
min in P -(L+dr) =) islk Y -(@dr) T+

j=0 k=1 i=1 j=0 k=1 i=1

T-1 A-LT-1

K
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The objective function minimizes the discounted sum of purchasing (first term), salvage
revenue (second term), operation, maintenance, and emissions’ cost (third term) over the planning
horizon. Eq. (2) reflects the annual budget constraint for new vehicle purchases. Eq. (3) states that
total distance traveled each year must exceed the minimum requirement. Eq. (4) restricts the total
number of vehicles used annually within the fleet size limits for the operator. Eq. (5) states that all
new vehicles must be used right away. Egs. (6) and (7) ensure the conservation of vehicles for year
0 and subsequent years, respectively. Eq. (8) states that each available vehicle must be either used
or sold in the following year. Eq. (9) states that no vehicle can be used beyond its maximum age.
Eq. (10) states that a new vehicle (of age 0) cannot be sold. Finally, Eq. (11) specifies the form of
the decision variables.

APPLICATION

The model was applied for the case of a transit operator in a large urban area, considering diesel,
hybrid, natural gas (NG) and electric (E) buses. The relevant assumptions and numerical values
for the various parameters involved in the calculation process are addressed next.
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1
2  Assumptions
3  This section presents the calculation of operating costs, salvage values as well as vehicle
4 utilization.
5
6 Energy cost: The energy cost estimation for each bus type k was estimated according to the
7  following equations (22):
f
8 Oijk :i (12)
fik
9 fy = fo @+ fr.)! (13)

10  Where c the fuel type, fj: fuel cost in €/1t or in €/ KWh, frc: fuel price inflation rate, fi: motor
11  efficiency for type-k bus of age i in km/KWh or km/It

12 The price inflation rate is assumed to be 3.5% for diesel and natural gas and 1.8% for electricity
13 (24). Further, an annual reduction rate of 1% in motor efficiency was assumed due to increasing
14 vehicle age (25).

15

16  Vehicle utilization: Adopting a similar approach to Feng and Filgiozzi (24), the following equation
17  was used to compute the utilization for each bus based on age:

18

19 u, =t —500-i (14)

20  Where tx is the annual average distance traveled per type-k vehicle and i the bus age.

21  Salvage price: The sale revenue from a used bus is a function of both vehicle use and age. An
22 exponential function was used for salvage price. The following equation applies (26):
23

24 s, =V, -(1-8,) (15)
25  Where v, the purchase cost and 6, a coefficient for vehicle utilization equal to 15% (26)

26  Maintenance cost: Annual increase rates of 2.5% and 1.5% were assumed for the maintenance
27  cost of diesel buses and remaining bus types, respectively (27).

28

29 Data Collection

30  Athorough data collection process was followed to estimate the parameter values. Relevant figures
31  from research studies (1-3, 28-31), practice reports (4-10, 25, 12, 32-36) and online databases (37-
32 39) have been collected and average values have been computed for the input values (Table 1).

33
34
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1 TABLE 1 Parameter values

Bus type General
Average parameter values Diesel Hybrid CNG EV
k 1 2 3 4
c 1 1 2 3
Energy cost €/km (0ij) 0,80 0,63 0,51 0,24
Maintenance cost €/km. (mix) 0,35 0,29 0,30 0,29
Motor efficiency €/1t (fik k#4) 1,6 2,1 1,6 -
Electric Motor efficiency €/kwh (fia) - - - 0,82
CO; emissions kg/km (eix) 2,290 1,722 1,732 0,124
Fuel cost €/1t (feo, c#£3) 1,30 1,30 0,51 -
Electricity cost €/kwh (fco) - - - 0,20
Average annual km traveled (t) 55,000 50,000 55,000 50,000
Purchase cost (€) (vk) 236,841 394,004 333,954 538,500
Minimum fleet size (Fmin) 1,000
Maximum fleet size (Fmax) 2,000
Minimum annual km (d;) 70 mil.
Max age for all types (Ax) 15
Depreciation rate (dr) 1.5%
Annual budget (b) 100 mil.
Initial number of vehicles (Zh_k )
' 600 375 450 225 1,650
Initial number of vehicles of age i
(h, forall i) 40 25 30 15
2
3  Results
4 The model was implemented in OpenSolver™ | which uses the branch-and-cut method. The case
5 study presented refers to the Athens transit operator, for which minimum and maximum fleet size
6 requirements have been estimated. Since no emissions’ tax is used in Athens, the emissions’ cost
7 will be considered zero in all but one scenarios. The number of decision variables is 2,480 and the
8  model takes less than 1 minute to run on a 4GHz personal laptop with 8GB of RAM.
9  Basic Scenario
10  This section presents the results for the parameter values shown in Table 1. The overall fleet
11 management cost over the 20-year planning horizon is approximately 1 billion €. The average bus
12 ageis 6.4 for diesel vehicles, 10.2 years for hybrid vehicles, 7 for NG vehicles and 7.8 for electric
13  vehicles. Vehicle utilization percentages per type are shown in Figures 1 and 2.
14
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m diesel
B hybrid
® natural gas

electric

1
2 FIGURE 1 Usage Share for each bus type
3 As can be seen in Figure 1, out of all the vehicles used, 50% are natural gas vehicles, 26% are
4 electric, 12% are hybrid and 12% are diesel. This is reasonable considering the comparatively low
5 natural gas and vehicle purchase price and in accordance with applied practice (3,5). According to
6  Figure 2, out of all buses sold, 33% run on NG, 30% on diesel vehicles, 19% use electricity and
7 18% are hybrid. Notably, most of the diesel buses originally in the fleet are sold. In total, 58% of
8 new buses are natural gas vehicles, 31% are electric, 11% are conventional, while no hybrid
9 vehicles are bought. The latter may be attributed to the high purchase price and high fuel cost
10  associated with hybrid vehicles.
1400
1200
1000
800
600
400 I
200
1N ] .
T 2 8 ¢ T £ 8 ¢ T E g &
o =2 B o 5 6 € 0 =
5 Z 3 5 £ § o 8 £ 5 %
2 2 " s
[} o e
2 =2 =
1 Buses used _ Busessold Buses bought
12 FIGURE 2 Total number of vehicles used, sold and bought per type

13  Figure 3 shows the vehicles sold and bought per type for every year of the planning horizon. In
14  terms of new vehicles purchased, natural gas vehicles are bought during most of the planning
15  horizon (years 4-15), electric vehicles are bought in the earlier years (2,3,7,8), whereas diesel
16  vehicles are only bought at years 16, 17. The majority of diesel vehicles in the initial fleet (79%)
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1 aresold in the first year, while hybrid and NG vehicle sales occur until year 9 and 10, respectively.
2  After year 10, only electric vehicles are sold (until year 17), which is explained by their higher
3  salvage value compared to other types.
4

| , | m

Year . Year

5 B Diesel M Hybrid W MNatural Gas Electric M Diesel W Hybrid ®Natural Gas Electric
6 (a) (b)
7 FIGURE 3 Number of vehicles bought (a) and sold (b) each year per type
8

9  Scenario Analysis
10  An extensive scenario analysis is performed considering four main parameters: purchase and
11  energy cost for each bus type, emissions’ cost and annual budget. These are further described in
12 the following subsections.

13 Purchase Cost

14  Reasonably, the initial cost for each vehicle type is a crucial factor for the number of vehicles
15  purchased of each type. For this reason, 8 scenarios are explored, where the purchase cost for each
16  vehicle type is decreased/increased by 30% (low cost/high cost). Scenarios S, and Sz correspond
17 to low (-30%) and high (+30%) diesel vehicle costs, respectively. Similarly, S4 and Ss reflect low
18 and high hybrid vehicle cost; Se and Sy low and high NG vehicle cost and Sg, S9 low and high
19  electric vehicle cost, respectively.

20  Fuel/ Energy Cost

21  Naturally, fuel costs are the main driver of operating costs. To explore the effect of energy cost, 6
22 scenarios are developed. Scenarios Sio and Si1 reflect low (-30%) and high (+30%) diesel cost,
23 scenarios Si2 and Si3 low and high natural gas costs and scenarios Si4 and Sis low and high
24 electricity costs, respectively.

25  Emission’s cost

26  Scenario Sie considers the social cost of CO. emissions, which may be seen as the imposition of
27  an emissions’ tax. In this case, the emissions’ cost was assumed as 100€/ COz -ton, similar to
28 (15,40,41).
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Budget constraint
Scenario Si17 represents a reduced annual budget of 40 million euros.

Results for all scenarios are shown in Table 2.

TABLE 2 Total number of vehicles used per scenario

Buses Used Average vehicle age

Diesel Hybrid NG Electric Diesel Hybrid NG  Electric

O oo ~NO UL WN -

. Basic Scenario 276 275 1,183 627 6.4 10.2 7 7.8
. Low Diesel bus Cost 660 275 516 994 3.9 10.6 8.5 7.7
. High Diesel bus Cost 100 300 1,477 485 10.3 9.8 6.8 7.9
. Low Hybrid bus cost 80 1,710 360 210 10 6.9 9.3 9.7
. High Hybrid bus cost 335 240 1,125 651 6.7 10.6 7.1 7.8

. Low NG bus cost 40 275 1,920 195 1 105 6.9 10.2
. High NG bus cost 620 285 360 1,165 5 10.2 10.2 7.4
. Low E bus cost 40 185 300 1,825 1 10.6 10.4 6.5
. High E bus cost 160 270 1,728 180 10.3 9.8 6.9 10.2
. Low diesel price 796 999 270 180 6.4 7.6 10.2 9.5
. High diesel price 40 175 1,319 806 1 10.6 6.4 1.7
. Low NG price 40 275 1,920 195 1 10.6 6.8 10.2
. High NG price 620 300 340 1,165 5.1 10.2 10.2 7.4

. Low electricity price 344 300 622 1,149 2.8 10.2 7.6 7.5
. High electricity price 160 255 1,715 195 10.3 10.1 6.9 7.4
. Emissions’ tax 205 275 695 1,185 2.1 10.1 6.9 7.4
. 40 mil. budget 354 275 1,175 551 3.8 10.4 7 8

As a general point, as expected, in any scenario where the purchase cost of a certain bus type is
reduced, the number of respective vehicles used increases and vice versa, while average vehicle
age also drops (Ss, Se, Ss). The most notable rise in the number of vehicles in response to a lower
purchase price is noted in the case of hybrid vehicles (up by 522%), followed by electric vehicles
(+192%). These figures underline the relative advantage of hybrid and electric vehicles in terms
of operating and maintenance costs and the issue of high capital cost which hinders their wider
adoption. Similarly, for lower NG bus prices, the corresponding usage share increases by 62% (Ss)
with the total NG vehicle number reaching the value of 1,920. Likewise, for low diesel bus
purchase cost, 139% more conventional vehicles are used (S), yet their total number (666) is still
much lower than in the other fuel cases.

In cases with higher purchase costs, average vehicle ages rise, as older vehicles are kept
in operation for more years. Particularly, in Scenarios Sz and S7, the average age for diesel and NG
vehicles rises by 63% and 46%, respectively. Scenarios with reduced energy prices also provide
useful insights. In the case of low electricity price, electric vehicles are preferred whereas in the
majority of scenarios, NG vehicles comprise the largest proportion of the fleet. Further, the
reduction in diesel price increases the number of diesel and hybrid vehicles by 188% and 263%,
respectively. In the case of an emissions’ tax, the number of electric vehicles naturally grows by
89%, while the count of diesel buses drops by 26%. Finally, the drastic cut in the budget for new
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purchases does not greatly impact the vehicle totals per type, except for the 28% increase in the
number of diesel buses, which are used in the place of electric buses. Overall, it may be observed
that in scenarios where alternative fuel and bus prices are reduced, a very small percentage of
diesel vehicles are retained and sold after 1 year (Se, Ss, S11, S12).

Figure 4 shows the total number of vehicles per type for each scenario reflecting changes in
purchase or fuel costs (Scenarios 2-15). So, for each bus type, the total number of corresponding
vehicles utilized is plotted for five scenarios: low vehicle purchase cost, low fuel cost, basic
scenario, high purchase cost and high fuel cost.

O ~NOoO Ok~ WwN -

2500

2000

1500
H 30% reduction in purchase cost

m 30% reduction in fuel cost
m Base Scenario

1000 30% increase in purchase cost
B 30% increase in fuel cost

500

Diesel ) Hybrid Natural Gas Electric

10 FIGURE 4 Total number of vehicles used per cost scenario

11 Several useful observations arise from Figure 4. First of all, a reduction in purchase cost has a
12 larger effect on the number of vehicles bought in the case of hybrid and electric vehicles, which is
13  explained by the high purchase prices of these types. For NG vehicles, a 30% reduction in purchase
14 cost has the same effect as a 30% reduction in NG price in terms of the number of vehicles used.
15  For diesel vehicles, a 30% reduction in fuel cost leads to more diesel buses used than a reduction
16 in purchase cost. This finding is also considered reasonable, since diesel buses are comparatively
17  cheaper than other types, while diesel price is high compared to NG and electricity.

18 A similar analysis is conducted for the number of vehicles purchased per type in response to
19  changes in fuel and purchase costs (Figure 5). With respect to vehicles purchased, a 30% increase
20  either in the initial purchase cost or in the fuel price deters the purchase of any vehicles of the
21  corresponding type. For any vehicle type, a 30% reduction in purchase or fuel cost leads to an
22 increase in the number of vehicles bought; the effect of the former is proportionally larger than the
23 latter with the exception of natural gas vehicles, where the same number of buses are bought in
24 both cases. Particularly for hybrid vehicles, if initial cost dropped by 30%, approximately 1,400
25  vehicles would be bought and hybrids would comprise the majority of the buses used (also see
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1  Table 2), in contrast to the base case where no hybrid buses are bought. These results are shown
2 inFigure 5.

1800

1600

1400
1200
1000 B 30% reduction in purchase cost
m 30% reduction in fuel cost
800 m Base Scenario
30% increase in purchase cost
600 m 30% increase in fuel cost
4
2
0

E]

8

3 Diesel Hybrid Natural Gas Electric
4 FIGURE 5 Effect of purchase and fuel cost on vehicles bought per type
5 Important conclusions may be drawn by comparing the total management cost among the different
6  scenarios. Figure 6 presents the percentage change in total cost over the entire planning horizon
7 compared to the basic scenario.
1. Basic Scenario
10 -
2. Low Diesel bus Cost
3. High Diesel bus Cost
3 5 4. Low Hybrid bus cost
m - i
o0 . : I _ T Z :jlgh:éb;ld bustcost
E - l | - - . Low US COS!
2 7. High NG bus cost
"'5 5 8. Low Electric bus cost
g’ 9. High Electric bus cost
_':: 10 10 L(')W di-esel pri-ce
11. High diesel price
N 12. Low NG price
-15 13. High NG price
14. Low electricity price
-20 15. High electricity price
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 16. Emissions’ tax
8 Scenario 17.40 mil. budget
9 FIGURE 6 Percentage change in total cost from Basic Scenario
10 As may be observed in Figure 6, Scenario 8, i.e. a 30% lower electric vehicle price results in

11  the lowest total fleet management cost. Similarly, a 30% reduction in natural gas price and a 30%
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1  reduction in NG vehicles’ cost also yield significant cost savings. Smaller improvements in terms
2  of cost are attained in S4, S10, S14 which correspond to 30% lower purchase cost for hybrid buses,
3 30% lower diesel and 30% lower electricity price. On the other hand, in the case of lower diesel
4 Dbus price (S2), 30 % higher natural gas bus (S7) or higher electric bus prices (Se), the change in
5 total cost is negligible. This may be explained by the fact that fewer diesel buses are used anyway,
6  while if NG bus costs sharply rise, a mix of diesel and electric buses are utilized instead and vice
7 versa. Moreover, the imposition of an emissions’ tax raises the total cost, as non-electric vehicles
8  (11% of the fleet) are taxed. Lastly, the 60% budget reduction leads to a 1% increase in overall
9  cost (S17), which is attributed to the increased operating and maintenance costs of older vehicles.
10
11  DISCUSSION
12 The incorporation of alternative fuel vehicles, spurred by a series of sustainability-related policy
13  initiatives, creates new challenges for the operators. Indeed, decisions regarding optimal
14 replacement strategies for fleets consisting of multiple vehicle types are complex and greatly affect
15  management costs. To that end, this study realistically models the fleet management problem for
16  atransit operator with a mixed fleet consisting of diesel, natural gas, hybrid and electric buses. The
17  extensive analysis conducted in this study provides various useful insights for the management of
18  heterogeneous fleets and underlines the comparative strengths and weaknesses of the various
19  vehicle types. A few key findings are summarized in this section.
20 First and foremost, the analysis shows that hybrid and electric vehicles are advantageous in
21  terms of operation and maintenance costs, yet high purchase costs limit their wider adoption by
22 agencies. Further, in any case where the purchase or fuel price for an alternative fuel vehicle is
23 reduced, the number of diesel buses used sharply drops. These observations give rise to policy
24 questions with respect to the provision of “green fleet” incentives, as operators would have to
25  largely increase their budget in order to switch to fully electric fleets. With respect to fuel prices,
26 a 30% increase prohibits new bus purchases regardless of vehicle type, while changes in diesel
27  price largely affect buy/sell decisions for diesel buses. These observations also imply that operators
28  would financially benefit from switching to other fuels in the long run in response to rising diesel
29  prices.
30 Moreover, purchase and operating costs affect the age of vehicles in the fleet, which are
31 important for the public image of the operator. In all cases, reduced fuel or vehicle prices for a
32 specific type lead to a larger number of new bus purchases, as buying new vehicles is preferred to
33  incurring high maintenance costs for older vehicles in this case. Naturally, the reduction in
34 purchase prices directly leads to reduced average fleet ages per type, as more new vehicles are
35 incorporated in the fleet. On the contrary, a 30% rise in diesel bus prices leads to a 63% increase
36  in average vehicle age, as few new diesel vehicles are bought and those originally in the fleet are
37  retained for more years.
38 Lastly, changes in fiscal policy, either internal or external, naturally alter the management plan.
39  Forinstance, a 60% budget cut would lead to a higher share of diesel vehicles in the fleet, as these
40  constitute the cheapest option in terms of purchase costs. In contrast, an emissions’ tax would bring
41  about a drastic reduction in the count of conventional and NG vehicles, as well as in the average
42  fleet age. However, an increase in the total cost is noted in this case, since budget constraints
43  prevent the operation of an exclusively electric fleet of this size, thus other vehicles are taxed. In
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terms of total management cost, scenarios where the prices of non-diesel vehicles and energy
sources are lower produce favorable solutions, which implies that financial incentives/ subsidies
for the acquisition and operation of environmentally friendlier vehicles would also benefit the
operator in terms of cost in the long term.

Author Contribution Statement

The authors confirm contribution to the paper as follows: study conception and design:
Konstantinos Kepaptsoglou Author, George Yannis Author; data collection: Ilias Laios Author;
analysis and interpretation of results: Christina Iliopoulou Author, Ilias Laios Author,
10 Konstantinos Kepaptsoglou Author, George Yannis Author; draft manuscript preparation:
11  Christina lliopoulou Author, Konstantinos Kepaptsoglou Author. All authors reviewed the results
12 and approved the final version of the manuscript.

©O© o0 ~NO» g~ wN -

14 REFERENCES

15 1. Solis, J.C., and C. Sheinbaum. Energy consumption and greenhouse gas emission trends in

16 Mexican road transport. Energy for Sustainable Development, 2013. 17(3):280-287.

17 2. Ercan, T., and O. Tatari. A hybrid life cycle assessment of public transportation buses with
18 alternative fuel options. The International Journal of Life Cycle Assessment, 2015. 20(9) :
19 1213-1231.

20 3. Tzeng, G. H., C. W. Lin, and S. Opricovic. Multi-criteria analysis of alternative-fuel buses for
21 public transportation. Energy Policy, 2005. 33(11):1373-1383.

22 4. Barnitt, R.A. In-use performance comparison of hybrid electric, CNG, and diesel buses at New
23 York City Transit. Publication NREL/CP-540-42534. National Renewable Energy Lab
24 (NREL), Golden, CO (United States), 2008.

25 5. Adams, R., and D.B. Horne. Compressed natural gas (CNG) transit bus experience survey:
26 April 2009—April 2010. National Renewable Energy Laboratory, 2010.

27 6. NYCT Diesel Hybrid-Electric Buses Program Status Update, National Renewable Energy
28 Laboratory, 2001

29 7. Chandler, K., and K. Walkowicz. King County Metro Transit Hybrid articulated buses: final
30 evaluation results (\VVol. 10). Washington, DC: National Renewable Energy Laboratory, 2006.
31 8. Lammert, M. Twelve-month evaluation of UPS diesel hybrid electric delivery vans. Publication
32 NREL/TP-540-44134. National Renewable Energy Lab(NREL), Golden, CO (United States),
33 2009.

34 9. Eudy, L., K. Chandler and C. Gikakis. Fuel Cell Buses in US Transit Fleets: Current Status
35 2017. Publication NREL/TP-5400-70075. National Renewable Energy Laboratory, 2017.

36  10. Eudy, L., M., Jeffers. Foothill Transit Agency Battery Electric Bus Progress Report, Data
37 Period Focus: Jan. 2017 through Dec. 2017. Publication NREL/PR-5400-71292. National
38 Renewable Energy Lab (NREL), Golden, CO (United States), 2018.

39 11. Tozzi, M., U. Guida, and T. Knote. 3iBS: the intelligent, innovative integrated bus systems.
40 Presented at Transport Research Arena (TRA) 5th Conference: Transport Solutions from
41 Research to Deployment, 2014, April.

TRB 2019 Annual Meeting Paper revised from original submittal.



Iliopoulou, Laios, Kepaptsoglou, Yannis 16

12. Gritter, J. Real world performance of hybrid and electric buses. Renewable energy & energy
efficiency promotion in international cooperation, Gritter Consulting, 2014.

13. Simms, B.W., B.G. Lamarre, A.K.S. Jardine, and A. Boudreau. Optimal buy, operate and sell
policies for fleets of vehicles. European Journal of Operational Research, 1984, 15(2):183-
195.

14. Keles, P. and J.C. Hartman, Case study: bus fleet replacement. The Engineering
Economist, 2004, 49(3): 253-278.

15. Boudart, J., and M. Figliozzi. Key variables affecting decisions of bus replacement age and
total costs. Transportation Research Record: Journal of the Transportation Research Board,

10 2012, 2274: 109-113.

11  16. Riechi, J., V. Macian, B. Tormos, and C. Avila. Optimal fleet replacement: A case study on a

OO0 NOoO Ol b W N P

12 Spanish urban transport fleet. Journal of the Operational Research Society, 2017, 68(8): 886-
13 894.

14  17.Feng, W. and M. Figliozzi. Vehicle technologies and bus fleet replacement optimization:
15 problem properties and sensitivity analysis utilizing real-world data. Public Transport, 2014,
16 6(1-2):137-157.

17  18. Khasnabis, S., J. Bartus, and R. Ellis. Asset management strategy to meet long-term transit
18 fleet needs of state departments of transportation. Transportation Research Record: Journal
19 of the Transportation Research Board, 2004, (1887): 45-54.

20  19. Mathew, T.V., S. Khasnabis, and S. Mishra. Optimal resource allocation among transit
21 agencies for fleet management. Transportation Research Part A: Policy and Practice, 2010,
22 44(6): 418-432.

23 20. Mishra, S., S. Sharma, T. Mathew, and S. Khasnabis. Multiobjective optimization model for
24 transit fleet resource allocation. Transportation Research Record: Journal of the
25 Transportation Research Board, 2013, 2351:1-13.

26  21. Figliozzi, M., J. Boudart, and W. Feng. Economic and Environmental Optimization of Vehicle
27 Fleets: Impact of Policy, Market, Utilization, and Technological Factors. Transportation
28 Research Record: Journal of the Transportation Research Board, 2011, 2252:1-6.

29 22.Feng, W., and M. Figliozzi. An economic and technological analysis of the key factors
30 affecting the competitiveness of electric commercial vehicles: A case study from the USA
31 market. Transportation Research Part C: Emerging Technologies, 2013, 26:135-145.

32 23. Ansaripoor, A.H., F.S. Oliveira, and A. Liret. A risk management system for sustainable fleet
33 replacement. European Journal of Operational Research, 2014, 237(2):701-712.

34  24.Feng, W. and M.A. Figliozzi. Conventional vs electric commercial vehicle fleets: A case study
35 of economic and technological factors affecting the competitiveness of electric commercial
36 vehicles in the USA. Procedia-Social and Behavioral Sciences, 2012, 39:702-711.

37  25.Clark, N.N., F. Zhen, W.S. Wayne, and D.W. Lyons. Transit bus life cycle cost and year 2007
38 emissions estimation. Publication FTA-WV-26-7004.2007. 1, Federal Transit Authority, 2007.
39  26. Chambers, J.T. Fleet electrification roadmap. Revolutionizing transportation and achieving
40 energy security. Electrification Coalition, 2010.

TRB 2019 Annual Meeting Paper revised from original submittal.



Iliopoulou, Laios, Kepaptsoglou, Yannis 17

1 27.Motavalli, J. Frito-Lay Adds Electric Trucks to Its Fleet. New York Times.
2 http://wheels.blogs.nytimes.com/2010/09/08/frito-lay-adds-electric-trucksto-its-fleet/, 2010,
3 Accessed 10 September 2018.
4  28. Kihne, R. Electric buses—An energy efficient urban transportation means. Energy, 2010,
5 35(12):4510-4513.
6  29. Laizans, A., I. Graurs, A. Rubenis, and G. Utehin. Economic Viability of Electric Public
7 Busses: Regional Perspective. Procedia Engineering, 2016, 134: 316-321.
8  30. Wotek, M. and O. Wyszomirski. The trolleybus as an urban means of transport in the light of
9 the Trolley project. 2013, University of Gdansk Press, Gdansk.
10  31. Clark, N.N. Assessment of hybrid-electric transit bus technology, Vol. 132. Transportation
11 Research Board, 2009.
12 32. Callaghan, L. and S. Lynch. Analysis of electric drive technologies for transit applications:
13 battery-electric, hybrid-electric, and fuel cells, Publication FTA-MA-26-7100-05.1, Federal
14 Transit Authority, 2005.
15 33.Lanni T., B. P. Frank, S. Tang, D. Rosenblatt, and D. Lowell. Performance and Emissions
16 Evaluation of Compressed Natural Gas and Clean Diesel Buses at New York City's
17 Metropolitan Transit Authority, https://www.dec.ny.gov/chemical/30003.html, Accessed 18
18 September 2017.
19  34. Lammert, M.P. Long beach transit: two-year evaluation of gasoline-electric hybrid transit
20 buses. Publication NREL/TP-540-42226, National Renewable Energy Laboratory, 2008.
21  35. Cost Model Discussion with ACT Cost Subgroup, Mobile Source Control Division, Air
22 Resources Board, 2016, https://cafcp.org/sites/default/files/5 CARB-ACT-Cost-Model-
23 Discussions_CaFCP-Bus-Team-Meeting-Aug2016.pdf, Accessed September 19, 2017
24 36. Which Alternative Fuel Technology is Best for Transit Buses? (Policy Brief), Wilton E. Scott
25 Institute for Energy Innovation, Carnegie Melon University, 2017,
26 https://www.cmu.edu/energy/education-outreach/policymaker-outreach/guides.html,
27 Accessed September 20, 2017.
28  37. https://www.apta.com/resources/statistics/Pages/default.aspx
29  38. http://altoonabustest.psu.edu/buses
30  39. https://www.afdc.energy.gov/fuels/
31  40. Peet, K., E. Partridge, M. Hale, and P.D. Le. Future fleets: An applied model for bus fleet
32 planning based on energy costs and impacts, Presented at the 89" Annual Meeting of the
33 Transportation Research Board, Washington D.C., 2010.
34  41. Wayne, S. W., J. A. Sandoval, and N. N. Clark. Emissions Benefits from Alternative Fuels and
35 Advanced Technology in the U.S. Transit Bus Fleet. Energy and Environment, 2009, 20(4).

TRB 2019 Annual Meeting Paper revised from original submittal.


http://wheels.blogs.nytimes.com/2010/09/08/frito-lay-adds-electric-trucksto-its-fleet/
https://www.dec.ny.gov/chemical/30003.html

