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This research provides a better understanding of the relationships
between emissions reductions and fleet operating costs and is use-
ful for agencies developing emissions reductions policies, as well as
companies trying to better understand the business cost of emissions
reductions strategies and wanting to develop effective policies for
emissions reduction. Results are compared with cost and emissions
from existing routing and scheduling techniques used by the case
study partner.

CASE STUDY DESCRIPTION

The University of Washington Mailing Service (UWMS) provides
pickup and delivery of internal campus mail and U.S. Postal Service
mail. It serves the three University of Washington campuses, in
Bothell, Seattle, and Tacoma, as well as several university buildings in
downtown Seattle and other Seattle neighborhoods. This requires the
fleet to travel on controlled access freeways, arterials, and residential
streets. The UWMS fleet is heterogeneous in capacity, mileage costs,
and emissions. UWMS operates as fixed and scheduled routing and
as a repetitive distribution scheme. The service characteristics are
similar to those of other fixed mailing services, transit services,
community-supported agriculture deliveries, and waste removal
services.

Mail to be delivered is organized at the main (unique) central depot.
Mail going to various university departments (or post office boxes)
is sorted into respective bins, which are then loaded into trucks
depending on route and destination. Each of these bins is delivered
to its destination, where a bin of outgoing mail is collected to be
processed at the central depot.

UWMS has fixed routes and schedules, so each department knows
at what time its mail will be picked up and delivered. Each morning,
seven routes serve customers on and near campus. Most departments
receive mail during the morning runs, which occur between 8:00 a.m.
and noon. Those departments that do not receive morning mail ser-
vice are serviced in the afternoon, along with several departments
that receive a second delivery because of their high volumes of mail.
The current service has five afternoon routes. An additional route
serves the two university satellite campuses, as well as other univer-
sity buildings that are not near the main campus. This route services
customers during the course of the day.

UWMS provided data for current operations. Information on exist-
ing routes includes customers (departments), delivery locations, and
delivery times. The time provided is a “time check,” meaning that
the driver will wait, if early, to deliver mail to each location until the
time indicated. Additionally, the UWMS provided the vehicle num-
ber, make, model, year, fuel type, and average cost of fuel per mile
for each vehicle in its fleet.
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A case study of the University of Washington Mailing Service, which
operates a heterogeneous fleet of vehicles, provides insight into the impact
of operational changes on cost, service quality, and emissions. An emissions
minimization problem was formulated and solutions were identified
with a creation and local search algorithm based on the I1 and 2-opts
heuristics. The algorithm could be used to find many solutions that could
improve existing routing on both cost and emissions metrics, reduce
emissions by an average of almost 6%, and reduce costs by an average
of 9%. More significant cost and emissions savings could be found with
service quality reductions. For example, reducing delivery frequency to
once a day could lead to emissions and cost savings of close to 35% and
3%, respectively. Rules of thumb for vehicle assignment within hetero-
geneous fleets were explored to gain an understanding of simple imple-
mentations, such as assigning cleaner vehicles to routes with more
customers and longer travel distances. This case study identified signif-
icant emissions reductions that could be obtained with minimal effects
on cost and service and that offered new, practical applications that could
be used by fleet managers interested in reducing their carbon footprint.

As commercial vehicle activity grows, the environmental impact is
increasingly negative, particularly in urban areas. The transportation
sector is the United States’ largest producer of carbon dioxide (CO2)
emissions by end use, accounting for 32% of CO2 emissions from
fossil fuel combustion in 2008. Medium- and heavy-duty trucks
account for close to 22% of CO2 emissions within the transportation
sector, making urban pickup and delivery systems a key contributor
to urban air quality problems (1).

Vehicle routing minimizes travel cost or travel time for a fleet
of vehicles picking up or delivering goods. Most vehicle routing
strategies optimize operations for a single operator by minimizing
financial cost and do not consider the impact of the operations on
society and the environment. This research offers a novel formulation
for including emissions into fleet assignment and vehicle routing and
for analysis of the contribution of urban pickup and delivery systems
to urban emissions and the trade-offs between fleet cost, emissions,
and service quality. A case study of a local, heterogeneous delivery
fleet presents an interesting opportunity for trade-off analysis.
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LITERATURE REVIEW

The vehicle routing problem (VRP) was first formulated by Dantzig
et al. and identifies a set of routes to serve customers at minimum
cost (2). These routes are traveled by homogeneous vehicles that
leave from a unique central depot. This model has been extended for
a variety of circumstances, such as by Golden et al., who developed
heuristics for the heterogeneous VRP for fleets of varying vehicle
capacities (3).

Little research has been done that integrates vehicle routing
with emissions reduction. Many of the existing extensions either
compare emissions computed on a per mileage basis, without basing
routing decisions on emissions characteristics, or indirectly minimize
emissions by reducing miles traveled or avoiding congestion. Work
by Quak and de Koster (4, 5) and Allen et al. (6) measured the impact
on emissions of certain policy measures on a broad scale, rather than
at the fleet level. Previous work looked at the homogeneous time-
dependent VRP, in which vehicles can travel in periods with different
speeds, and emissions can be reduced indirectly by avoiding con-
gestion, which encourages travel at optimal speeds, which reduces
emissions (7 ).

Previous research addressing emissions focused on several aspects
of transportation. For passenger vehicles, Benedek and Rilett opti-
mized on environmental objectives (CO2, in particular) within tradi-
tional traffic assignment methodology on a simulated network (8). In
transit, Dessouky et al. optimized on cost, service, and environmen-
tal performance through simulation of a demand-responsive transit
operation, where environmental performance is measured in life-cycle
assessment costs (9). Focusing on vehicle routing, Palmer developed
a vehicle routing method to minimize CO2 emissions (10). Unlike the
research presented in this paper, Palmer’s methodology does not allow
integration of multiple performance measures and does not consider
the policy implications or trade-offs between these optimizations.
Figliozzi developed a VRP for a homogeneous fleet that minimizes
emissions and fuel consumption, where speed is included in the
objective function (11). Figliozzi developed a case study in Portland,
Oregon, to analyze CO2 emissions for different levels of congestion
and speed (12). He concluded that minimum emissions can be
achieved when vehicles can operate in an emissions-efficient speed
range and considered the impact of fleet size and distance traveled.

These models and methodologies show an increasing interest in
study of emissions within the context of routing problems. How-
ever, previous research has not considered the trade-offs between
emissions, monetary costs, and service quality in heterogeneous
pickup and delivery systems. This paper presents a formulation and
a heuristic for this problem and analyzes the results in the context of
a specific case study.

FORMULATION

Model

A formulation for the time-dependent VRP with a heterogeneous
fleet is provided. This formulation minimizes the sum of a weighted
monetary cost based on distance, time, and CO2. Estimates of cost per
mile and cost per minute for each truck were provided by the case
study partner. Estimation of cost of CO2 emissions is derived from
the social cost of CO2 (13). Details regarding costs are explained
later in the paper.
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Capacity and Travel Time Constraints

Variables

Parameters

Ci = service time for node i;
Li

v and Ui
v = lower and upper time windows for the depot and

each vehicle v;
Li and Ui = time windows for customers (pickup and deliveries);

DEMij = demand between nodes i and j; takes positive values
when goods are picked up at i and delivered to j;
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COv, CTv = operational cost per mile and per minute for vehicle v,
respectively;

TAX = monetary value charged for each kilogram of CO2;
Dij = distance between nodes i and j;

Sp
ij, T p

ij = speed and travel time from node i to node j in period p;
does not depend on vehicle;

EF pv = emission factor for vehicle v in traffic period p;
measured in kilograms of CO2 per mile;

Bv = capacity of vehicle v;
DRIV = maximum allowed driving time;

Z p
ij = the upper-bound time for each traffic period p;

B = maximum capacity in the fleet;
B1 = maximum route time possible; and
B2 = latest possible return time to the depot.

Constraint 0 ensures that variables x ij
pov related to traffic period 0

are equal to 0 (traffic period 0 is used to simplify the formulation).
Constraint 1 ensures that only one vehicle visits each pickup client.
Constraint 2 ensures each pickup–delivery pair is served by the same
vehicle. Constraint 3 ensures a vehicle leaves the depot to perform
a pickup or is not used. Constraint 4 ensures every vehicle is required
to return to the depot from a delivery (not pickup).

Constraint 5 requires that the vehicle that arrives at a node is the
same vehicle that leaves the node. Constraint 6 ensures all vehi-
cles return to the depot. Constraints 7a to 7d ensure the correct
time sequencing in the schedules. Constraints 8a to 8d ensure the
arrival time is correct considering time-dependent travel time. Con-
straints 9a to 9c ensure time window requirements are met, and Con-
straint 10 restricts a driver to the maximum time (8 h in this case).
Constraints 11a to 11d ensure that each of the traffic periods is
included in the right order. Constraint 12 updates the capacity vari-
able and avoids subtours, Constraint 13 initializes the capacity vari-
ables, and Constraint 14 ensures enough space is available in the
vehicle. Constraint 15 calculates the travel time for traffic period p
between nodes i and j.

Variables of the problem are also shown: x ij
pv is a binary variable

equal to 1 when a vehicle v travels from node i to j in traffic period
p, t i

v is the departure and return time from and to the depot for each
vehicle v, ti is the departure time from each of the customers i, and bi

v

relates to the goods transported by vehicle v when leaving node i.

Metaheuristic

The presented problem is NP-hard, and the solution time grows expo-
nentially. Thus, a local search metaheuristic is developed to solve
this VRP with hard time windows, time-dependent travel times, and
a heterogeneous fleet for capacity, emissions, and cost. The objective
function is the same as presented earlier and is composed of three
factors: distance, time, and CO2 emissions. These are combined by
converting each metric to financial cost in dollars. However, the
objective function can also minimize only one or two of the metrics
by using 0 for the coefficient on the undesired metric. All constraints
are met in the metaheuristic.

Solution Approach

The local search metaheuristic created for this application has
both a creation and an improvement algorithm (Figure 1). The creation
algorithm is based on the I1 heuristic (14), and the improvement



algorithm is based on applying the 2-opt heuristic to individual and
pairs of routes (15).

Creation Algorithm

Inputs to the creation algorithm are shown in the top left of Figure 1.
For truck ordering, this ordering dictates the sequence by which
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vehicles will be assigned customers in the creation algorithm and as
such, influences the final solution obtained. Vehicles are ordered by
capacity (largest to smallest), by emissions (cleanest to least clean),
and by cost (lowest to highest cost per mile).

Customers are included in the routes following the I1 heuristic.
The starting customer for each route, or seed, is that with the earliest
delivery time window. This customer is assigned to the first avail-
able truck in the input ordering. Two steps are followed to include

Reduce temporal trucks 

Creation 
Algorithm  

No   

Yes  

More trucks available 
in list 

No   

All 
customers included 

Assign node to first 
available truck in ordering 

T.W. OK and 
truck capacity OK 
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using I1 Heuristic 

Temporal truck. Features 
from last truck in ordering 

No   

Seed node 

Yes  

No Yes Temporal 
trucks used 
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Improvement 
Algorithm 

No 

No 

No 

All pairs of different
nodes for different

route tested

Intra-Route swap 

Yes  

Yes  

Swap nodes 
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Swap nodes 

Intra-Swap reduce OF 

In-swap reduces OF 

Outputs 

Routes meeting problem’s 
constraints 

No 

All pairs of 
different nodes for 
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OR tolerance OK 
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Truck ordering 
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OF 

FIGURE 1 Local search metaheuristic process flow: T.W. = time window, OF = objective function.



subsequent customers in a route. First, a weighted sum of distance
plus travel time and service time is used to calculate a list of candi-
date nodes to be inserted (along with their insertion position) into
the existing route. This weighted sum is an extension of the heuristic
developed by Clarke and Wright (16) and has three parameters to
control the impact of changes in distance traveled and time added to
the route. Each of these parameters took values equal to 0.5 in this
research. In the second step, a weighted sum of distance to the depot
plus the additional cost (calculated in the first step) to the route is
used to choose the best candidate node from the list. A parameter
controls the relative importance of the distance to the depot and was
chosen to be 0.5.

Time windows and vehicle capacity constraints are met at every
time, and a new route is created when any of these constraints is
violated. The I1 heuristic adds customers at any point of the route
depending on where the greatest objective function savings take
place. Links’ speeds are time dependent to include congested con-
ditions, so the time a vehicle leaves a customer or depot can affect
travel times.

As indicated in Figure 1, if customer requirements cannot be met
with the existing fleet, the creation heuristic requires additional
trucks. An extra truck with the same characteristics of the last truck
in each ordering is temporarily added to the fleet. After assigning
all customers to a route, the extra truck is then removed, and the
customers in this removed truck are consecutively assigned to the
route with the earliest return time to the depot. If the capacity constraint
or schedule horizon is met, customers are assigned to the next route
with the earliest return time.

Improvement Algorithm

Once an initial feasible solution is found, the improvement algorithm
uses the 2-opt exchange heuristic to improve on the initial solution.
The 2-opt heuristic is applied to exchange customers between pair of
routes (interroute swap) and within individual routes (in-route swap).
The interroute heuristic takes a customer from a route and exchanges
it with a customer from another route. The in-route heuristic simply
swaps two customers in an individual route. When an interroute
exchange take place, the in-route swap helps to relocate the new
customer in the new route. The objective function is then recalculated
to determine whether the change improves the objective function. If
travel times or emissions are changed because of the change in time
for the activity, this is captured in the objective function value. Only
exchanges that decrease the objective function value are accepted.
The combined application of these heuristics allows exploring a
larger area of the search space for improved routes. The interroute
and in-route swaps are run consecutively until a maximum number
of iterations have been performed or the objective function reduction
is lower than 0.1% over the previous iteration.

CASE STUDY APPLICATION

The described methodology was applied to the UWMS case study.
Four scenarios were modeled by varying costs of distance, time, and
emissions parameters in the objective function. Scenarios 1, 2, and 3
improve the solutions based on reduced distance (setting the cost
of time and emissions to 0), time (setting the cost of distance and
emissions to 0), and emissions (setting the cost of distance and
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time to 0). The costs associated with distance and time were pro-
vided by the UWMS ($/mile and $/minute), and the cost associated
with emissions was obtained from Klein et al. [12 ($/ton CO2) for
2005, which is inflated by a 4% annually for a present value of 
15 ($/ton CO2)] (13). This cost is not borne directly by the fleet oper-
ator and is used only to combine terms in the objective function.
Scenario 4 improves the solutions through reductions of distance
and time (setting emissions to 0). This scenario best captures the
existing fleet’s objective.

The preceding local search was developed to include time-
dependent and road-class-dependent travel times by having congested
periods and links with different speeds. Link speed is identified by
time of departure, and therefore this approach may not respect the
first-in–first-out principle when trips depart near the beginning or
the end of the congested period (17 ).

Model Inputs

Customers and Travel Distance

The individual customers of the mailing service are composed of
departments within the university system. A total of 56 stops, or
customers, were identified. These locations, along with a depot from
which vehicles are dispatched and to which they return, were used to
develop an origin–destination (O-D) matrix based on miles traveled.
Locations were identified in ArcGIS, and the OD Cost Matrix tool
was used to develop this matrix.

Service Time

Service time is defined as the time required to deliver and pick up
mail, including the time required to walk between departments
that are served by one truck stopping location. The service time
is reported in minutes. The O-D matrix was used to estimate travel
times between customers, assuming that vehicles traveled at 15 mph
on and near campus and at 55 mph on freeway connections. Time
checks along existing routes were used to determine the service times
required at each customer by subtracting the travel time between
destinations from the difference in arrival times at successive 
destinations.

Demand

Customer demand is defined as the amount of mail that needs to be
delivered to each customer and is based on historical demand for
bins. Service time estimates are based on driver knowledge and
represent typical delivery times used for planning and scheduling.
Customer demand is reported in units of bins: that is, the bins used
to store and transport mail.

Vehicle Fleet

The existing mailing services fleet used in the analysis consists of
seven vehicles. All vehicle attributes, except capacity, were provided
by UWMS. The capacity was estimated after a visual inspection of
the vehicles. Table 1 provides a summary of fleet input specifics,
including emissions factors.



Emissions Factors

Emissions factors were obtained from the U.S. Environmental
Protection Agency motor vehicle emissions simulator (MOVES)
model. Emissions values are reported in kilograms of CO2 per mile.
The emissions values account for differences in fuel type (unleaded
or diesel), routing time of day (morning or afternoon), type of road
(freeways or local roads), speed (associated with type of road), and
congestion level (associated with speed). Within MOVES, the fol-
lowing settings were used to obtain emissions factors used within
the model:

• Calculation type: emission rate;
• Vehicles and equipment: passenger truck (cargo vans), light

commercial truck (step vans), single-unit short-haul truck (box truck);
• Fuel: gasoline;
• Age: 1994 to 2005 models;
• Road type: urban restricted access and urban unrestricted access;
• Pollutants and processes: CO2 equivalent; and
• Speed: 15 and 55 mph.

Within the model, emissions factors for 9:00 a.m. and 2:00 p.m. are
used for morning and afternoon delivery runs, respectively. Emissions
factors reported in Table 1 are an average of morning and afternoon
values, which are within 1% of each other.

Vehicle speed is used to distinguish between congested and
uncongested periods. During uncongested periods, vehicles on local
(campus) roads are assumed to travel at 15 mph, and vehicles on the
freeway are assumed to travel at 55 mph. During congested periods,
speeds on the freeway are assumed to drop to 15 mph. Speeds on
local roads remain the same. When congested periods are specified
within the model, applicable emissions factors (depending on speed)
are used to develop a solution.

Costs

Drivers’ wages were calculated on a per-unit time basis. It was deter-
mined from a compilation of University of Washington employee
salaries that UWMS drivers earn approximately $18 per hour (18).
Fuel costs provided by UWMS were used to approximate distance-
based operational costs for each vehicle (Table 1). Although opera-
tional costs typically include tires, maintenance, and repair, these costs
are difficult to quantify, and fuel costs often make up a large portion
of the overall operational costs. Additionally, because the routes for
this case study are very short in distance, the operational costs are
much smaller than the hourly costs incurred for drivers.
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Time Windows

UWMS operates on a fixed schedule, and time checks serve as time
windows, indicating the earliest time mail will be picked up at a given
location. Although certain times, such as the morning, are preferable
for mail pickup and delivery, it is assumed that mail could be delivered
anytime between 8:00 a.m. and 4:30 p.m. and that customers do not
have control over the time at which they are served.

Scenarios

Several scenarios were examined within the case study. For each set
of scenarios, the model provides output information, including
distance traveled, time required, cost, and emissions.

Base

The existing routing, or base case, was replicated with the vehicle
routing tool. Thirteen existing routes are examined. Many of the
morning base routes include a break so truck drivers may return to
the depot.

Improved

The individual routes are improved by using the optimization heuris-
tics to identify cost and emissions reductions that can be made by
reordering the deliveries within the existing routes. These improved
routings do not include the mentioned break.

Morning and Afternoon Consolidation

The time constraints caused by existing routings are removed to
allow for improvements of all morning and all afternoon deliveries.

Single Deliveries

In the single-deliveries scenario, customers who currently receive mail
deliveries twice a day experience a reduction in service to once a day.

Fleet Upgrade

In a fleet upgrade, existing step vans are replaced with hybrid versions.
Hybrid versions of small delivery vehicles can reduce emissions

TABLE 1 UWMS Fleet Attributes

Vehicle Capacity Fuel Cost Emissions: 55 mph, Emissions: 15 mph, Emissions: 15 mph,
Description Year (bins) ($/mile) freeway (kg CO2) freeway (kg CO2) local road (kg CO2)

Cargo van 2005 22 0.16 0.4289 0.6872 0.7030

Step van 2001 30 0.36 0.4717 0.7667 0.7838

Step van 1995 30 0.44 0.4355 0.7240 0.7413

Step van 1995 30 0.44 0.4355 0.7240 0.7413

Step van 1994 30 0.42 0.4120 0.6890 0.7045

Step van 1994 30 0.42 0.4120 0.6890 0.7045

Box truck 1994 40 0.37 0.8059 1.3972 1.3972



while improving fuel economy. The results from a 2009 report by
the National Renewable Energy Laboratory (where laboratory tests
showed that hybrid delivery vans had a fuel economy that was an
average of 34% greater than standard diesel vans and reduced CO2

emissions by an average of 27%) were used to adjust emissions and
fuel economy values to model the effect of this vehicle replacement
on fleet operations (19).

ANALYSIS AND DISCUSSION

Several conclusions may be drawn from the results of applying the
model to the input scenarios. Because the model uses heuristics to
find solutions, it does not guarantee a global optimal solution, but
results show the heuristics are consistently able to find significant
improvements to current operations.

Simple Rerouting

On runs in which a driver break occurred in the base case but was
removed as routes were improved, the improved scenarios reduce
cost by an average of 32.01% and reduce emissions by an average
of 21.61%. On runs in which a driver break did not occur within the
base case, the improved solutions reduce cost by an average of 9.37%
and reduce emissions by an average of 8.92%, illustrating that within
this case study, routing efficiencies can be gained that can improve
both costs and emissions. For further comparisons in this paper,
the cost and emissions of the base cases were adjusted to discount
the cost and emissions associated with the break. The existing policy
by which drivers return to the depot for break midway through
existing routes increases both cost and emissions of the routes and
is clearly inefficient. It would be unfair to take credit for these
improvements when considering the trade-offs. Discounting the cost
and emissions associated with the break, the improved solutions
reduce cost by an average of 8.98% and reduce emissions by an
average of 5.53%.

Although the improved routing does not include the existing
driver break time, the longest improved route is 2 h 25 min. If breaks
are required midmorning and morning runs start at 8:00 a.m., all
drivers would be able to return to the depot by 10:25 a.m. for breaks.
If breaks were needed earlier than the end of the tour, allowing
breaks to occur along the route would eliminate the need to return
to the depot midtour, and the distance traveled and emissions would
still be reduced.

Consolidation of Morning 
and Afternoon Customers

When the constraints of existing routings were eliminated, con-
solidated routing for both morning and afternoon customers could
be developed. For the morning consolidation, emissions reduc-
tions of 7.35% can be obtained by consolidating customers. This
solution uses six vehicles to serve the customers and results in
cost increases of 3.47%. In the afternoon consolidation, emissions
reductions of 35.15% can be identified though four vehicles with
a cost reduction of 4.81%. Depending on the initial ordering of
vehicles, emissions can be slightly higher (ordered on capacity
and cost) or lower (ordered on emissions) compared with the sum
of the base cases.
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Fleet Upgrade

The introduction of hybrid vehicles to the fleet reduces both fuel cost
and emissions. Overall costs are reduced by less than 0.5% because
the cost of fuel is low compared to the cost of drivers. The fleet upgrade
always results in improved emissions. Emissions reductions of up
to 33.88% can be identified, with a corresponding cost reduction
of 0.32%.

Because of the short distances traveled along near-campus routes,
the introduction of electric commercial trucks into the UWMS
fleet would be operationally feasible. These zero-tailpipe-emissions
vehicles not only would significantly reduce emissions but would
also reduce costs associated with fuel. Using an electricity rate
from the U.S. Department of Energy of $0.0648 per kilowatt hour
in Washington State (20) and an estimate of 2 kilowatt hours of
energy units per mile for electric trucks (21), the electricity to oper-
ate a truck costs approximately $0.13/mi. If an electric vehicle in the
UWMS fleet travels an average of 10 mi per day and saves $0.29
of fuel costs per mile of travel, it would take just under 7 years
(assuming 250 days of deliveries per year) to recoup the upgrade
cost of $5,000 per vehicle.

Fleet Size Reduction

Six vehicles go out each morning for deliveries on near- and 
on-campus routes, which take an average of approximately 2 h to
complete. In the afternoon, four vehicles make shorter near- or
on-campus delivery runs, which take approximately 90 min to
complete. The UWMS fleet is underutilized. If deliveries were spaced
throughout the day and trucks were used more often, the total num-
ber of trucks within the fleet could be reduced. With the optimized
routings as an example, if vehicles made deliveries up to 8 h per day,
only three vehicles would be required to do the same work as the six
vehicles do currently. If vehicles made deliveries up to 6 h per day,
only four vehicles would be required. Table 2 illustrates this reduction

TABLE 2 Suggested Reductions in Fleet Size

Length of Route Assigned
Vehicle (nearest minute) Total

Current Assignment

Step van 111 — — — 111

Step van 128 69 — — 197

Step van 146 80 — — 226

Step van 118 74 — — 192

Step van 128 — — — 128

Box truck 238 238 — — 476

Suggested Assignment (8 h of delivery)

Step van 111 128 69 146 454

Step van 80 118 74 128 400

Box truck 238 238 — — 476

Suggested Assignment (6 h of delivery)

Step van 111 128 69 — 308

Step van 146 80 128 — 354

Step van 74 238 — — 316

Box truck 118 238 — — 356



in fleet size. By reducing the number of trucks needed to meet
demand, fewer drivers are required. If drivers are paid more than
those explicitly tasked with sorting mail, replacing drivers with
additional sorters can reduce cost.

Customer Service

UWMS offers a higher quality of service by providing more than
one delivery per day. When all customers receive mail delivery
service only once a day, costs are decreased by an average of 34.74%
(compared with morning and afternoon improved routes), and emis-
sions are reduced by an average of 3.03%. Currently, 23 aggregated
customers receive mail twice a day. These customers represent
155 departments, or approximately 20% of all departments served.

Effects of Congestion

Most delivery routes used by UWMS do not have to contend with
congestion because they travel on or near campus. The exception is
the route that serves the satellite campuses and other off-campus
destinations. Most of this route travels along an Interstate, which is
often congested during peak hours. The existing routing consoli-
dates these off-campus customers into one route that is served by
the vehicle with the lowest emissions. The presented analysis can
capture the effect of congestion by reducing the speed during peak
periods to 15 mph; during the off-peak period, a speed of 55 mph is
used. The impact on cost and emissions of increasing congestion
from none through congestion in 1-h increments up to a 5-h period
(7:00 a.m. to noon) is shown in Figure 2. The cost evaluated includes
only the direct costs of congestion, such as increased time and
increased mileage due to optimized routing through congestion and
does not include the costs of emissions.

Cost and emissions both increase with longer periods of conges-
tion; however, the trend appears steplike. For example, there is a
large jump between the emissions impact of 2 and 3 h of congestion,
because a constant speed on the link is used (either all or none of the
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trip is exposed) and because of the specifics of customer location
and demand.

Practical Applications for Fleet Managers

The creation heuristic takes vehicle ordering as input. An ordering
based on capacity will first assign customers to the largest vehicles,
and then assign customers to the smallest vehicles last. An ordering
based on emissions will first assign customers to the cleanest vehicles
first, and an ordering based on cost will assign customers to the
cheapest vehicles first. The initial ordering affects the quality of the
final result and can also be used to model the impact of assignment
strategies that may be used by fleet managers in the absence of a
more complex optimization tool.

In this case study, most vehicles have a similar cost basis, so cost
varies little as a function of vehicle ordering. The impact of vehicle
order is more apparent when emissions are considered. Within the
UWMS fleet, the vehicles with larger capacities have poor emissions,
and therefore when the vehicles are ordered by capacity, the largest
vehicle is assigned to the most customers and travels a considerable
distance. For the morning consolidation, ordering vehicles by emis-
sions and costs results in average emissions reductions of 16.91%
and 8.62%, respectively, when compared with ordering vehicles by
capacity. The differences among vehicle orderings is greater within the
afternoon consolidation because of the smaller number of customers
served. Fewer vehicles are used; specifically, when vehicles are
ordered by emissions or cost, the largest-capacity truck (which also
has the highest emissions) is not used. In the afternoon consolidation,
ordering vehicles by emissions and costs results in average emis-
sions reductions of 45.07% and 41.15%, respectively, compared
with ordering vehicles by capacity.

Managers of small fleets of vehicles are less likely to use opti-
mization tools to determine the routing of their vehicles, relying instead
on simple rules of thumb. When focusing on reducing emissions,
those vehicles with low emissions should be used to the fullest before
vehicles with higher emissions are introduced into the routing. This

FIGURE 2 Comparison of cost to emissions for increasing periods of congestion.



is contrary to most fleet managers’ current approach, which, when
minimizing cost, is to use the largest vehicles.

CONCLUSIONS

Although decreasing emissions can increase cost, this case study
indicates that numerous operational changes can be made that would
reduce both costs and emissions. With the formulation and meta-
heuristic developed for the UWMS routing, emissions can be reduced
by an average of almost 6% while also reducing costs by an aver-
age of 9%. Although these are substantial and mutually beneficial
improvements identified by the detailed improvements of the routing
algorithm, greater improvements are identified through compromises
on service frequency, driver break scheduling, and vehicle technology.
When delivery frequency is reduced, emissions can be reduced by
approximately 3%, but many customers will receive a reduced level
of service. Eliminating midroute driver breaks results in emissions
reductions of close to 22%, coupled with cost reductions of more
than 30%. The introduction of hybrid vehicles into the UWMS fleet
can result in emissions reductions of nearly 34%. The results demon-
strate the importance of avoiding congestion, which should prompt
fleets to consider substantial schedule changes, such as changes to
delivery times or frequencies to congested areas.

Because the use of a routing optimization tool is unlikely for many
fleet managers, the results of this research highlight several general
concepts that can be more easily implemented. As a rule of thumb,
in an attempt to reduce emissions, vehicles within a heterogeneous
fleet should be assigned to customers in increasing emissions order,
with those vehicles with the lower emissions traveling the furthest
distances.

As the urgency to reduce emissions increases, both governing
agencies and companies are taking more interest in reducing fleet
emissions. Understanding the opportunities for emissions reductions,
and the implications of these for cost and service quality, is important
to supporting development of appropriate policies, penalties, and
incentives.
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