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ABSTRACT 

The paper presents a set of analytical formulations to study the behavior of the urban delivery 

industry in response to cordon time-of-day pricing, time-distance pricing, and comprehensive 

financial policies targeting carriers and receivers. This is accomplished by modeling the 

behavior of receivers in response to financial incentives, and the ensuing behavior of the carrier 

in response to both pricing and the receivers’ decisions concerning off-hour deliveries. The 

analytical formulations consider both the base case condition, and a mixed operation with both 

regular hour and off-hour deliveries; two pricing schemes: cordon time of day, and time-distance 

pricing; two types of operations: single tour, and multi-tour carriers; and three different scenarios 

in terms of profitability of the carrier operation, which include an approximation to the best case, 

the expected value, and the worst case. The analyses highlight the limitations of pricing-only 

approaches. In the case of cordon time of day pricing, the chief conclusion is that it is of limited 

use as a freight demand management tool because: (1) in a competitive market the cordon toll 

cannot be transferred to the receivers as it is a fixed cost; and (2) the structure of the cost 

function, that only provides an incentive to the carrier to switch to the off-hours when all the 

receivers in the tour switch to the off-hours. In essence, the key policy implication is that in order 

to change the joint behavior of carrier and receivers, financial incentives—or programs that 

foster unassisted off-hour deliveries—should be made available to receivers in exchange for 

their commitment to do off-hour deliveries. As the paper proves, if a meaningful number of 

receivers switch to the off-hours, the carriers are likely to follow suit.  

 

Keywords: Freight demand management, freight pricing, congestion pricing, incentives, carrier-

receiver interactions 
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INTRODUCTION 

The paper builds on the author’s previous work (Holguín-Veras, 2008) that outlined the 

necessary conditions for such policies to succeed in inducing a shift of truck traffic to the off-

hours. The main focus is on the development of analytical formulations to assess the impact of 

policies targeting receivers and carriers. The formulations are developed with the assistance of 

conceptualizations of the behavior of carriers and receivers. The resulting models are then used 

in numerical experiments to examine the impacts of off-hour deliveries on the industry. 

 

The paper considers the case of a single carrier that is delivering goods to a set of receivers 

during the regular hours (base case conditions) from a location outside of the tolled area, which 

represents the most typical case. It is also assumed that as a consequence of carrier-receiver 

policies, some or all receivers decide to receive goods during the off-hours, while others prefer 

receiving regular hour deliveries, and that no customers are lost because of the partition. Under 

these circumstances, the carrier would need to make two tours (i.e., regular and off-hours), and 

decide whether or not to conduct off-hour deliveries on the basis of the financial impacts 

associated with the resulting mixed operation. The formulations discussed in the paper are 

intended to help gain insight into the joint carrier-receiver response. (Although it is certainly 

possible that some carriers could do both regular and off-hour deliveries in the same tour by 

proper timing of the deliveries, or by waiting inside the tolled area, these cases are not 

considered here for the sake of brevity. This should be the subject of future research.) 

 

The paper focuses on independent carrier-receiver operations, and two different sub-cases of 

operational patterns (i.e., single, and multi-tour carriers). Independent carrier-receiver 

operations refer to the situation in which carrier and receiver are separate companies, each 

trying to maximize profits; as opposed to integrated carrier-receiver operations where both 

carrier and receiver belong to the same parent company. Since the latter case was sufficiently 

discussed in a previous publication (Holguín-Veras, 2008), there is no need to repeat the 

discussion here.  

 

Two different toll schemes are considered. The first one is a cordon time of day system with a 

toll surcharge for travel during the regular hours, which is one of the most common road pricing 

schemes. Other pricing concepts, e.g., the carrier only pays the toll surcharge once a day, could 

be accommodated by suitable adjustments to the toll surcharge. The second one is a time-

distance tolling regime with tolls that are a function of time spent and distance traveled in the 

tolled area. To a great extent, the notation follows the author’s previous work (Holguín-Veras, 

2008). Throughout the paper, the subscripts i, and j refer to receiver i, and carrier j, respectively. 

Superscripts BC, R and O refer to base case, regular, and off-hour operations, respectively. 

 

The paper has eight major chapters, in addition to the introduction. Chapter 2 discusses carrier-

receiver interactions. Chapter 3 focuses on receiver behavior. Chapters 4 and 5 analyze the 
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joint behavior of carriers and receivers under cordon time of day pricing and time-distance 

pricing, respectively. Chapter 6 considers the second order effects on carrier and receivers. 

Chapter 7 analyzes policy implications. 

 

CARRIER-RECEIVER INTERACTIONS 

Conducting off-hour deliveries require the participation of different economic agents (e.g., 

shippers, carriers, warehouses, receivers). However, in terms of the role played in the decision 

concerning delivery times, receivers and carriers stand out. The reason is that shippers and 

warehouses can, in most cases, accommodate off-hour deliveries without too much trouble. 

Shippers could support off-hour deliveries by: ship goods late in the day to support night 

deliveries, or preload trucks for deliveries in the early hours of the day. Similarly, since most 

warehouses (that many identify as the source of most urban deliveries) are open at least 

partially during the off-hours, they could support off-hour deliveries with minimal inconvenience. 

These reasons suggest to focus on carriers and receivers (Ogden, 1992).  

 

Consider a carrier and a receiver that are trying to decide on the delivery time (regular hours, or 

off-hours). In the case of independent carrier and receivers, since each of them is trying to 

independently maximize its own profits, their interaction belongs to the class of non-cooperative 

(Nash) games. (Obviously, if carrier and receiver are part of the same company as in private 

carrier operations, the interaction reduces to the much simpler optimization problem of 

determining what is best for the joint operation.) To gain insight into the nature of their 

interactions, it is important to analyze the corresponding pay-off matrix, shown in Figure 1 

(Holguín-Veras et al., 2007a).  

 

Strategy Regular hours Off-hours

Regular hours (-,+)   
(I)

(-,-)  
(II)

Off-hours (-,-)  
(III)

(+,-) 
 (IV)

Receiver

Carrier

 
Figure 1  – Pay-off matrix 

The four quadrants outline all the possibilities. Quadrants II and III represent the cases in which 

carrier and receiver do not agree on a delivery time. In such cases, both sides have negative 

payoffs (i.e., the receiver does not get its deliveries, and the carrier may be fired) so it is safe to 

assume that both of them would avoid the outcome. Obviously, if they cannot agree, they would 

part ways and the interaction would resume with a new set of agents until an agreement is 

found.  

 

Quadrants I and IV represent the situations in which an agreement is reached on the delivery 

time. The solutions outlined in these quadrants have very different impacts. In the case of 

regular hour deliveries (quadrant I), the receiver benefits because it handles the deliveries when 
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there is staff at hand at minimal extra cost; while the carrier has to contend with the lower 

productivity due to congestion. During the off-hours, the situation reverses as the receiver is the 

one facing a negative impact, i.e., the larger costs associated with extending operations to the 

off-hours; while the carrier benefits from the higher productivity associated with less congestion. 

This leads to a situation in which carrier and receiver favor different solutions. This situation 

corresponds to the inappropriately called “Battle of the Sexes” game (Rasmusen, 2001), which 

is known to have two Nash equilibria, i.e., quadrants I and IV, in which the final outcome is 

imposed by the player with most clout. Since the data show that the majority of deliveries are 

made during the regular hours (96% in New York City), it is obvious that receivers play the 

dominant role (Holguín-Veras et al., 2007a). This should not surprise anyone, since the carriers 

must be responsive to the wish of receivers—who are the customers—or running the risk of 

going out of business. It follows that, in order to induce the urban delivery industry to operate 

during the off-hours, appropriate policy stimuli must reach the receivers so that the equilibrium 

solution that they favor changes from the regular to the off-hours, i.e., quadrant IV. The 

recognition that receivers must be the target of policy making is front and center of the concepts 

discussed here. 

 

In the case of carrier centered policies, e.g. freight road pricing, a policy stimuli is applied to the 

carrier. The fundamental assumption is that the policy stimuli applied to the carrier would prompt 

the carrier to send a price signal mj to the receivers that would induce them to switch to the off-

hours. Once the receiver(s) make(s) its decision about off-hour deliveries, the carrier has to 

decide whether or not to do off-hour deliveries. Obviously, for carrier-centered policies to 

succeed: (1) carriers must be able to pass the toll cost mj to all receivers; and, (2) mj must be 

strong enough to induce all receivers (or at least a majority) to switch the off-hours. The paper 

tries to elucidate if this is likely to happen in competitive markets. 

 

Receiver centered policies apply a stimulus to the receivers (e.g., incentives for participation in 

off-hour deliveries, or regulations like banning truck deliveries during the regular hours of the 

day). On the basis of such stimuli, the receivers decide how to respond and send a signal Fij to 

the carrier, that then has to decide how to proceed. Carrier-receiver policies, as their name 

suggests, target both carriers and receivers by means of a duplet of stimuli aimed at inducing a 

switch to the off-hours. This case obviously includes carrier centered, and receiver centered 

policies as extreme points.  

 

The main objective of the paper is on assessing the impacts of such stimuli on the joint behavior 

of carriers and receivers. For simplicity of exposition, the formulations are obtained for carrier-

receiver policies. 
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RECEIVER BEHAVIOR 

This paper considers the case of 
BCN  receivers Ri that are served by a carrier j during the 

regular hours (base case conditions) such that 
BC

jiR  . It is assumed that receivers: are 

randomly located over an urban area of rectangular shape, are observationally identical, and 

have a probability )()/( FPFRP O

ji   of participating in off-hour deliveries. This probability 

is a monotonic function of an external incentive, F, aimed at fostering off-hour deliveries such 

that 
0)0()0/( pPRP O

ji    and 1)()/(  PRP O

ji
. The probability p0 represents 

the fraction of receivers that accept off-hour deliveries in the base case conditions, i.e., in 

absence of a financial incentive. This probability seems to be relatively small, e.g., 4% in New 

York City (Holguín-Veras et al., 2007a). For discussions on these incentives, the reader is 

referred elsewhere (Holguín-Veras et al., 2007a; 2007b). 

 

In the most general case, as a result of the incentive, some receivers may elect to accept off-

hour deliveries, while others may choose to stay within the regular hours. This leads to a mixed 

operation in which the carrier has to deliver during both the regular and the off-hours, unless all 

receivers switch to the off-hours which leads to the elimination of the regular hours tour. The 

distribution and location of the receivers that accept either regular or off-hour deliveries have a 

significant impact on the carrier costs. Intuitively, one would expect that the tour length is a 

function of the service area so that the larger the area, the longer the tour and the higher the 

corresponding delivery costs. Equally important to the carrier is that the delivery cost in a mixed 

operation, (i.e., with regular and off-hour deliveries) depends on the combined impact of the 

service areas that arise after the receivers decide on the service they prefer. According to the 

derivations presented in (Holguín-Veras, 2011), the function proposed by Beardwood et al. 

(1959), provide solid estimates of the optimal tour length: \ 

AND             (1) 

Where: A is the area of the minimum size rectangle that envelopes all stops (customers) to visit, 

and N is the number of stops (customers).  

For the expected value case, some substitutions, and letting oyoxLLA 0 , leads to: 

NA
N

N
D o














1

1
           (2) 

Because of the random nature of the underlying process, it is important to consider the range of 

configurations that could arise from the receivers’ decisions. Consider the nine receivers shown 

under “Base Case” in Error! Reference source not found.. Assume now that, as a 

consequence of a policy incentive, some of them decide to accept off-hour deliveries (solid 

circles), while others decide not to change (white circles). Cases A thru D represent some 

possible configurations. As a result of the split decision on the part of the receivers, the carrier 

has to decide whether to provide a mixed service (with regular and off-hour deliveries), or to 
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refuse to do off-hour deliveries and provide service only during the regular hours. The paper 

assumes that this decision is made on the basis of the cost impacts to the carrier. If the mixed 

operation leads the carrier to save money, the paper assumes that the carrier will select it; 

otherwise, the carrier will choose to remain with the base case service. However, as suggested 

before, the cost impacts to the carrier depends on the service areas that arise from the 

receivers’ decisions. 

 

In cases A and B there is geographic segmentation of the market with regular hour receivers in 

one area, and off-hour receivers in the other. In contrast, in cases C and D there is little or no 

segmentation as their service areas overlap. In general, the service area for the mixed operation 

could be less than (Case A), equal to (Case B), or larger than (Cases C and D) the original 

service area. Case D is the upper bound of the service area for the mixed operation, in which 

regular and off-hour deliveries end up with service areas equal to the original one; while the 

lower bound is a variant of Case A.   

 

It should be pointed out that having geographically segmented sets of receivers in off-hours and 

regular hours—such as those exemplified in  Case A—could significantly increase the 

profitability of the mixed operation as it may lead to smaller combined service areas. This may 

be a good reason to provide incentive to receivers on a geographic basis, e.g., a downtown 

area, as doing so will make it easier for the carriers to benefit from the resulting mixed 

operation. 

 

Due to its stochastic nature, it is not possible to make generalizations about the configuration of 

service areas that would arise in a particular instance. However, there are two exceptions: (1) 

non-overlapping service areas proportional to the number of customers in each group with a 

combined service area equal to the original one (a sub-case of B); and (2) perfectly overlapping 

service areas (Case D). The former case is referred as perfectly complementary (PC) service 

areas; and the latter as perfectly overlapping (PO) service areas. These cases, together with the 

expected value of the maximum separation between receivers, describe the range of results. 

Mathematically: 

 

A) Perfectly complementary (PC) service areas 

AAAA ORBC            (3) 

BC

BC

R

R A
N

N
A            (4) 

BC

BC

O

O A
N

N
A            (5) 

B) Perfectly overlapping (PO) service areas 
BCOR AAA 2           (6) 
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AAAA BCOR            (7) 

 
Figure 2 – Sample configurations of service areas resulting from partitioning 

Note: A rectangle with dashed lines represent the service area for the customers denoted with white circles; while a 

rectangle with solid lines represents the same for the customers denoted by solid circles. To facilitate interpretation, 

the rectangles have been offset so that they do not overlap. 

 

Using equation (5), the expected value of the total area for the mixed operation becomes: 
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(8) 

oyoxBC
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BC LL
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(9) 

 

Base case operations: 

A = A
BC

 

Case A 
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Case B 
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BC
 

Case C 
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 + A

O
) > A

BC
 

Case D 

(A
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 = A
R
 + A

O
) = 2A

BC
 

Mixed operations: 
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As shown, there is a wide range of operational conditions that could arise. At one of the 

spectrum, the service area in the mixed operation could be smaller than in the base case, e.g.,  

Case A of Error! Reference source not found.; while at the other end it could double the size 

of the area under the base case conditions. However, the expected value indicate that in 

average an increase in the service area is likely, and that the maximum increase in the service 

area for the mixed operation would take place when the number of customers shifting to the off-

hours is half the one in the base case. If only one customer is left in either the regular or off-

hours, the service area would decrease for the mixed operation as one of the terms in equation 

(8) would vanish. 

 

Having discussed how the receivers’ decisions may impact the carriers’ service areas and, 

ultimately, the carrier’s decision it is important to analyze the fundamental aspects of carrier and 

receiver decision making under: cordon based time of day pricing, and time-distance based 

pricing. For brevity of exposition, derivations are provided only for the cordon time of day case. 

  

CASE I: CARRIER-RECEIVER RESPONSE UNDER CORDON TIME 
OF DAY PRICING  

This chapter considers the case in which there is a toll surcharge for truck travel during the 

regular hours that is assessed at a cordon surrounding the tolled area. This is the pricing 

scheme most frequently implemented (e.g., London, Singapore, and the Hudson River 

crossings in New York City). The popularity of cordon time of day pricing stems from its 

practicality as it reduces the number of tolling points, and the initial investment and disturbances 

to the traffic. It should be said that the scheme works quite well, particularly for passenger car 

demand management purposes. However, as discussed later in the paper, this scheme has 

significant limitations that hamper its effectiveness for freight demand management. 

 

Two different cases of trucking operations (i.e., single and multi-tour carriers) are considered. 

The former case considers the situation in which the carrier only makes a single tour to the 

study area during the day, while the latter discusses the case in which multiple tours are made. 

Although the single tour is a particular instance of the multi-tour case, it provides a nice 

introduction to the most complex multi-tour case that leads to conclusions that, for the most part, 

carry over to multi-tour operations. 

Single Tour Carriers Under Cordon Based Time of Day Pricing 

This section considers a carrier j that is making a single delivery tour to a set 
BC

j  of receivers i 

during the regular hours (base case conditions) such that
BC

jiR  . This is a key segment of 
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the truck traffic as it represents a significant portion of the total truck traffic The analyses of data 

for New York City indicate that single tour carriers are about 40% of the total, while data from 

Denver suggest 72%  (Holguín-Veras and Patil, 2005). Assume now that the carrier is 

considering doing off-hour deliveries in response to requests received from its customers. As 

discussed in the previous section, this leads to the partition of the original set of customers into 

a subset of receivers that prefers regular hour deliveries (
R

j ), and the receivers preferring off-

hours (
O

j ). It is assumed that no customers are lost because of the partition. 

 

Consider the expenditure function representing the base case (BC) conditions. The total cost is 

a function of the fixed costs, distance and time to complete the tour, and a toll surcharge to be 

paid when traveling during the regular hours. The fixed cost has two components: the cost 

associated with traveling from the home base to the customers’ location, and the cost of 

traveling back to the home base. The unit distance cost takes into account the expenditures 

associated with operating costs that depend on distance traveled; while the unit time cost 

includes time related items, most notably wages and cargo’s time value. Consider now the case 

of a mixed operation (M) in which both regular and off-hour deliveries are conducted, i.e., 
BCO NN  . In this context, the total cost is comprised of the summation of the costs for regular 

and the off-hour operations (denoted by the superscripts R and O, respectively). Thus, the total 

cost for the mixed operation is: 

      ROO

T

RR

T

OO

D

RR

D

O

HB

O

FC

R

HB

R

FC

M

j STcTcDcDcCCCCC  )()(    (10) 

 

The first term represents the total fixed cost associated with the mixed operation, i.e., the 

summation of the costs associated with the trip to reach the first customer and the return to the 

home base, during both the regular and the off-hours. The second and the third terms are the 

distance and time costs, respectively. The fourth term is the toll surcharge for regular hour 

travel. 

 

As discussed elsewhere (Holguín-Veras, 2008), the mixed operation would be profitable to the 

carrier if its net profits are larger than the one for the base case. Following the derivation in 

(Holguín-Veras, 2009), one could obtain: 

   
  BCO NNj

BCBC

T

OO

T

RR

T

BCBC

D

OO

D

RR

D

BC

HB

BC

FC

O

HB

O

FC

R

HB

R

FC

GTcTcTc

DcDcDcCCCCCC






,

)()()(
   (11) 

Where: 
BC

j

M

jj GGG   represent the change in the gross revenues associated with the 

change of operations. 

 

Equation (11) captures the conditions that must be met for the carrier to participate in off-hour 

deliveries in terms of the cost components. The most striking feature of equation (11) is the 

absence of the toll surcharge, which disappears from the incremental cost because the carrier 
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has to travel during both the regular and the off-hours. This implies that, for a sizable segment 

of the intended target, cordon time of day tolls do not play any role whatsoever in inducing the 

carriers to switch to the off-hours. In other words, increasing the tolls only reduces the carrier’s 

profits. Not surprisingly, the carriers oppose such tolls which they, correctly it seems, call 

ineffective.  

 

The only situation in which the cordon tolls play a role is when all receivers in the tour decide to 

switch to the off-hours. Assuming that both the fixed cost and the distance related costs in the 

off-hours are equal to the base case values: 

BCO NNj

RBCBC

T

OO

T GSTcTc


 ,         (12) 

Equation (12) indicates the existence of a policy paradox. Equation (11) clearly shows that 

unless all receivers switch to the off-hours, the toll surcharge plays no role in inducing the 

carrier to switch. However, equation (12) implies that as long as delivering in the off-hours is 

cheaper than during the regular hours (which is generally the case), the toll surcharge is not 

needed to induce the carriers to switch to the off-hours. In other words, a cordon toll is not likely 

to be of any use for freight demand management purposes (though it could play an important 

revenue generation role). These results lead to question the use of cordon time-of-day pricing 

for freight demand management purposes. 

 

The analyses that follow focus on the general case where the original receivers are split 

between the regular and the off-hours. At key places of the write up, the particular case where 

all receivers switch to the off-hours is discussed to provide a complete picture of the anticipated 

behavioral response. To facilitate the analyses, equation (11) has been transformed into 

equation (13) that expresses the incremental total cost as a function of the incremental fixed 

cost, incremental distance cost, incremental time cost, and incremental toll cost (that, unless all 

receivers switch to the off-hours, is equal to zero): 

jSTDF GCCCC          (13) 

Incremental fixed costs 

The incremental fixed cost (
FC ) represents the increase in fixed costs, i.e., the ones 

associated with traveling from the home base to the customers’ location and back, between the 

mixed and base case operations. The reader shall notice that in most cases the fixed costs for 

both the base case and the regular hours of the mixed operation are likely to be very similar. In 

such a case, the incremental fixed cost could be approximated by equation (14) that shows that 

the incremental fixed cost is equal to the one associated with the off-hour deliveries. Obviously, 

if all the receivers switch to the off-hours the incremental fixed cost vanishes.  
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This result indicates that proximity to off-hour customers has a key role in determining the 

profitability of off-hour delivery operations as the farther a carrier is from its customers, the less 

profitable it is to diversify operations via an off-hour deliveries program. This finding is consistent 

with the discrete choice models estimated using stated preference data collected from a sample 

of carriers (Holguín-Veras, 2006).  

Incremental distance costs 

The incremental distance cost captures the additional distance related costs the carrier would 

incur if it decides to do off-hour deliveries. The paper assumes that the incremental distance 

cost for the situation in which all receivers are in the off-hours is equal to zero. Furthermore, 

since the unit distance costs are likely to be very similar (if not exactly the same), because they 

are determined by road conditions and other factors that are the same regardless of time of 

travel, one could obtain: 
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To compute the travel distances the expected travel distance is approximated with the 

expression in equation (2).  

 

As a result, for the expected value, the incremental distance cost is: 
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 (16) 

 

Equation (16) suggests that an increase in travel distance is likely as the first two terms are 

likely to be larger than the third. The exceptions would be the case in which only one customer 

is in either the regular or the off-hours, because one of the first two terms would vanish, and 

when there is a geographic segmentation of receivers.  
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Incremental time costs 

The incremental time costs are estimated using the approximation model of equation (2) and 

average travel speeds for the regular and off-hours. Following the derivation in (Holguín-Veras, 

2009) and expressing: the travel speed during the off-hours as a function of the regular hours 

speed times a factor 1 , the unit time cost during the off-hours as a function of the unit time 

cost during the regular hours and a parameter of approximation 1 , and noting that R

T

BC

T cc 

. The incremental cost is: 
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  (17) 

 

This suggests that carriers operating in congested urban areas are the ones that stand to gain 

the most from off-hour deliveries as in these cases the ratio of the speeds is the largest, leading 

to smaller values of the ratio  /  and larger savings. 

Incremental toll costs 

The incremental toll costs depend on whether or not the carrier could eliminate the regular hour 

tour. In the most general condition, where some receivers decide to stay during the regular 

hours, the incremental toll costs will be equal to zero. Only if all receivers switch to the off-hours, 

the carrier will save the cost of the toll (negative cost).  
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The derivations show that there could be significant differences in terms of the incremental 

distance and time costs. The formulations reveal that mixed operations are likely to lead to 

relatively small increases in incremental distance costs that is bounded from above by a factor 

of √ , though there are cases in which it could be either zero (as in the perfectly complementary 

case) or even negative (leading to cost savings) as in Case A of Error! Reference source not 

found.. The most important component of the incremental total cost is its time component. The 

results show that, at one end of the spectrum (perfectly complementary case), there would 

always be time cost savings as long as 1/  , i.e., if the increase in wages is smaller than the 

increase in travel speed. At the other end (perfectly overlapping case), there could be cost 

increases though they are expected to be lower than 1.2 of base costs. The expected value 

depends on the number of receivers that decide to switch to the off-hours, i.e., the more 
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receivers switch the off-hours the larger the savings. If all receivers switch the off-hours, the 

savings would amount to )1/(  of base case costs, i.e., 57.5% for 15.1 and 2 in the 

New York City case. In absolute value, these are significant savings given the high values of 

travel times observed in real life that sometimes exceeds $60/hour (Holguín-Veras and Brom, 

2008). 

Case II: Multi-tour Carriers under Cordon Based Time of Day Pricing 

This case considers carriers that make more than one delivery tour per unit time to the study 

area. The sparse data available on truck tours (Holguín-Veras and Patil, 2005; Holguín-Veras, 

2008), indicate that multi-tour carriers represent between 28% to 60% of the total tours. As a 

consequence of their operational features, multi-tour carriers are likely to exhibit behavioral 

responses different than those exhibited by single tour carriers. Faced with the prospect of 

implementing a mixed operation with both regular hour and off-hour delivery tours, these 

carriers could rearrange, consolidate and modify tours at their convenience. Furthermore, since 

the number of stops per tour decreases with the number of tours per day (Holguín-Veras and 

Patil, 2005), multi-tour carriers may have an easier time doing off-hour deliveries because they 

have to coordinate with less customers per tour than single-tour carriers. As a result of this, 

multi-tour carriers have more flexibility than their counterparts. 

 

This section assumes that: carrier j is making multiple delivery tours to the study area; receivers 

are only served by this carrier; and tours are relatively similar, in terms of the tour distance, time 

and number of stops. This is an acceptable assumption because truck dispatchers tend to 

balance service areas and number of customers to visit by each driver (Tang and Miller-Hooks, 

2006). Under these assumptions, the average values (denoted by upper bars) may be assumed 

to provide a good way to assess the performance of the operation. The symbol KBC denotes 

the number of tours in the base case conditions; while KR, and KO represent the number of 

tours for the regular and off-hours part of the mixed operation. According to the derivations 

presented in (Holguín-Veras, 2011), the incremental cost can be decomposed in its key 

components as follows: 

 

STDFj CCCCC          (19) 

Where: 
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  RBCR
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As shown, the incremental costs depend on how the carrier organizes its operations, in terms of 

the number of tours during the regular and the off-hours. Three different possibilities exist. The 

total number of tours in the mixed operation (KM) could either be: smaller than, equal to, or 

higher than the number of tours in the base case (KBC). However, for the reasons discussed 

elsewhere (Holguín-Veras, 2008) there are only two relevant cases, (KM =KBC, and KM 

=KBC+1). Since the formulations developed are able to accommodate all cases, only the case 

of 
BCM KK   are discussed in detail. The reader shall notice that in the multi-tour case there is 

no need to discuss the sub-cases that arise if the number of receivers in the off-hours is less 

than or equal to the one in the case, as this is implicitly captured by the number of trips made.  

For
BCM KK   and since )()(
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FC CCCC  , the incremental fixed cost (
FC ) is: 
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Equation (24) shows that the magnitude of the fixed cost depends on the relation between the 

fixed costs for the base case and the one for the off-hours. In cases where the customers 

accepting off-hour deliveries are closer to the carrier home base, than those receiving during 

regular hours there will be savings ( 0 FC ); otherwise, higher costs would accrue.  

 

The incremental distance cost shown in equation (25), captures the additional distance related 

costs the carrier would incur. In terms of the approximation model, for 
BCM KK  : 
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Assuming 
BCBCRR

NANA   leads to: 

ORROO

DD KNANAcC )(           (26) 

 

Equation (26) shows that the incremental distance cost is a function of how compact the off-

hour delivery tours are with respect to the tours in the regular hours. Off-hour delivery tours with 

customers relatively close together will require shorter travel distances and travel times, leading 

to cost savings. At the other end of the spectrum, off-hour delivery tours serving customers far 

away from each other would bring about significant cost increases. Again, this provides another 

indication of the potential benefits attributable to geographic segmentation of receivers. 

 

The incremental time costs are for 
BCM KK  , and 

OBCR KKK   equal to: 
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For the case in which 
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As in the case of incremental distance cost, the incremental time cost depends on the difference 

between the time costs between the off and regular hour. Furthermore, since it is likely that 

1/  , the time related savings accrue faster than in the case of distance related savings. 

The incremental toll cost, shown in equation (29), is equal to the amount of money saved by 

switching KO trips to the off-hours. If 
BCM KK  , 

OBCR KKK  : 

ROP

S SKC            (29) 

 

In general terms, the results shown above are consistent with the ones for single-tour carriers. 

As in the previous case, and for similar reasons, the most important cost components are the 

incremental fixed costs, and the incremental time costs.  

 

CASE II: CARRIER-RECEIVER RESPONSE UNDER TIME-
DISTANCE PRICING 

This chapter considers the case of a time-distance pricing scheme in which the toll is a function 

of the time spent and the distance traveled in the tolled area. To analyze the performance of 

such systems, the formulations obtained in the previous chapter were suitable modified. The 

following sections discuss the results for single and multi-tour carriers. For the sake of brevity, 

only final results are discussed.  

Single tour carriers under time-distance pricing 

Under a time-distance pricing scheme, the carrier would be charged a toll that is a function of 

the time and distance traveled during the regular and the off-hours. The corresponding 

incremental toll cost is shown below.  
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   (30) 

Where: 
R

D , O

D  = Distance based unit toll for distance traveled in tolled area (regular, and off-hours) 
R

T , O

T  = Time based unit toll for time spent in tolled area (regular, and off-hours) 
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Equation (30) indicates that, in sharp contrast with the cordon pricing case, the time-distance 

tolls do play a role in fostering off-hour deliveries. As shown, the higher the values of the unit 

charges and the time/distance switched to the off-hours, the stronger the incentive to do off-hour 

deliveries. To assess the impact of time-distance tolls, it is best to incorporate the incremental 

toll costs into the incremental fixed, distance, and time costs obtained before. This leads to: 

jTDPTTDPDTDPF GCCC  ,,,         (31) 

 

In mathematical terms: 
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Equation (32) indicates that time-distance pricing does not impact the incremental fixed cost as 

the trip to and from the home base to the study area is not tolled. Equations (34) and (35) have 

very similar structures. The first terms in both equations reflect the reduction in regular hour 

travel costs due to the off-hour delivery operation; while the second terms capture the costs 

associated with off-hour deliveries. In both cases, the first terms are negative (cost savings) 

because 
BCR TT   and 

BCR DD  , while their second terms are positive (cost increases). 

Furthermore, since the externalities produced by traveling during the regular hours are larger 

than the ones during the off-hours, a sound pricing structure would lead to O

T

R

T   , and 
O

D

R

D   . This implies that the savings in time related costs (the first term) will increase with 

the magnitude of the unit distance-time tolls. Obviously, as the number of off-hour receivers 

increases the overall profitability also increases. These results stand in sharp contrast with the 

ones for cordon pricing, discussed in the previous chapter, in which it was proven that the tolls 

have no impact whatsoever in inducing a shift to the off-hours. 

Multi tour carriers under time-distance pricing 

It is straightforward to extend the results of the previous section to the case of multi-tour 

carriers. With proper manipulations, the following results can be found: 
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In qualitative terms, these results imply that the number of tours transferred to the off-hours do 

matter, as it increases the fixed costs. In other words, the more tours are transferred to the off-

hours, the larger the incremental distance and cost savings.  

 

Perfectly complementary service areas: 

  

























 OO

R

O

TO

D

BCBCRR

R

R

TR

DBC

BC

TDP KN
u

KNKN
uN

A
C





    (38) 

Expected value: 
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Perfectly overlapping service areas: 
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In order to provide a frame of reference, numerical experiments were conducted. The results 

are presented in (Holguín-Veras, 2009). In the case of cordon time-of-day pricing, increasing the 

number of off-hour deliveries increases total costs, in the PO and EV cases, up to a point where 

it starts to decrease. In the PC case, increasing the amount of off-hour deliveries always lead to 

cost reductions. In the PC and EV cases, the off-hour delivery operation is profitable if at least 

nineteen receivers agree to participate in off-hour deliveries. In contrast, the PO case requires 

full participation of the receivers for the off-hour deliveries to be profitable. It is shown that time-

distance pricing leads to small changes in incremental costs in the PO case, and a reduction in 

the breakeven number of receivers in both PC and EV cases. 

SECOND ORDER EFFECTS ON RECEIVERS AND CARRIERS 

Throughout the discussions in the preceding sections, the main focus has been on the direct 

(1st order) effects that the pricing schemes and financial incentives have on carrier and receiver 
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behavior. However, a policy stimulus aimed at one agent could impact the other. This chapter 

discusses two such effects, which are the transfer of toll costs from carriers to receivers (mj) and 

the transfer of financial incentives from receivers to carriers (Fij). 

Impacts of the transfer of toll costs on delivery rates 

This section considers the impact that the pricing scheme has on delivery rates. The analyses 

assume a perfect competitive market with delivery rates equal to marginal costs. Although there 

are a number of different metrics that could be used as the unit of output, the paper uses the 

number of customers as it is directly tied to the models developed in the paper. In each case, 

the marginal costs are computed to gain insight into if, and how much of, the toll costs could be 

passed to receivers. This is an important policy question as, in order to induce a change in 

delivery times, a strong price signal must reach the receivers. There are two sub-cases worthy 

of discussion. The first one is when a receiver is transferred from a regular hour to an off-hour 

tour of the same carrier, leading to conservation of customers and a perfect inverse correlation 

between NR and NO. The second one is when the numbers of customers in each time period 

are not correlated, e.g., when a customer from another carrier is inserted in an existing tour. 

Some previous derivations explained elsewhere (Holguín-Veras, 2008) show that the marginal 

cost under time-distance pricing depends on the number of receivers and the time-distance unit 

tolls.  

 

The previous section shows that time-distance pricing would enable carriers to transfer toll costs 

to receivers. However, the key question is whether or not this provides enough of an incentive 

for the receiver to switch to the off-hours. To answer it, one must compare the toll transfer to the 

incremental cost associated with a switch to the off-hours (Holguín-Veras, 2008).  

 

The analysis takes into account that a receiver considering off-hours will face costs that depend 

on the amount of time it takes the deliveries to arrive during the off-hour period. Assuming that 

the goal is to induce all receivers in a tour to switch to the off-hours, the last receiver in the tour 

is going to accrue the costs associated with waiting for the delivery truck to travel to all previous 

customers, and make the corresponding deliveries. For all receivers to switch to the off-hours, 

the toll component of the delivery rate must be larger than the incremental cost associated with 

switching to the off-hours for the last receiver in the tour. Moreover, based on the work 

presented in (Holguín-Veras, 2008),  the longer the tour, the higher the tolls required to induce 

the switch of all receivers.   

 

To put things in perspective, numerical estimates have been produced with the data available 

for New York City. The in depth interviews conducted (Holguín-Veras, 2006) indicate that 

expanding hours of operation into the off-hours would cost the typical receiver in New York City 

between $20 to $100 for each additional hour in the off period. For a tour with only one 
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customer the combined time-distance unit tolls, tolls, i.e., (
RR

T

R

D u/  ), is about $6; while for 

the average tour with five receivers is equal to $30/mile. Regardless of how the $30/mile are 

allocated between R

D  and R

T , the author is doubtful that such tolls could be implemented in 

real life, as they are about five times larger than current base case costs. This implies that given 

the constraints imposed by the political realities, time-distance pricing may end up either not 

having any impact on carrier-receiver behavior, or only impacting the deliveries made using very 

short tours. 

 

These considerations lead the author to believe that time-distance pricing by itself would only 

have a minor effect on inducing a switch of truck traffic to the off-hours. In other words, without 

the assistance of other policies that encourage receiver participation in off-hour deliveries, time-

distance pricing is not likely to lead to a balanced distribution of truck traffic throughout the day. 

Transfer of financial incentives to carriers 

This section discusses the potential transfers of financial incentives from receivers to carriers 

(Fij), e.g., higher rates during the off-hours. This takes into account that a receiver, faced with 

the prospect of not receiving the incentive because of the lack of a willing carrier, may decide to 

transfer part of the incentive F to the carrier. Assessing the likely role of Fij is achieved by 

identifying the key cases.  

 

Consider a situation in which the incentive F provided to the receivers is small so that only a 

small fraction of the receivers decide to accept off-hour deliveries. If the number of receivers 

willing to accept off-hour deliveries is small, the carrier will not agree either because the off-hour 

operation would not be profitable. Moreover, since the financial incentive is small, the receivers 

would not be able to cover their costs and share it with the carrier. In this situation, Fij would be 

equal to zero. At the other end of the spectrum, a large incentive F would lead all receivers in 

the tour to accept off-hour deliveries. However, if all receivers switch to the off-hours the carrier 

would switch without any external stimulus because the cost savings are enticing enough. Since 

the receivers play the dominant role, and that carriers have an incentive to participate and 

therefore a weak negotiating position, it is likely that receivers would keep the financial incentive 

to themselves. In this case, Fij would also be equal to zero. 

 

Fij could be expected to be different than zero at a very particular region in between these 

extremes, i.e., when the carrier’s mixed operation is at the verge of profitability and the receivers 

have extra funds to share. Faced with the prospect of not receiving the incentive F, the 

receivers could transfer Fij to the carrier and both of them would be better off. However, since 

the region in which Fij could be different than zero is likely to be narrow, this author believes that 

the role of Fij could be disregarded, as it is only active at the margins. 
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POLICY IMPLICATIONS AND CONCLUDING REMARKS 

The paper established the presence of a market failure that prevents the urban delivery industry 

to reach the most efficient outcome, i.e., off-hour deliveries. At the root of the failure mechanism 

one finds the opposition of receivers to embrace off-hour deliveries because of the additional 

costs, and the inability of the carriers to accrue enough savings during off-hours work to 

compensate the receivers for their additional costs. The estimates from New York City indicate 

that the total costs to receivers are on average 85% larger than the total savings to the carriers. 

This means that, even if the carriers transfer all the savings accrued during off-hours work to the 

receivers it would not be enough to fully compensate the latter. For that reason, in the absence 

of financial incentives to receivers or programs such as unassisted off-hour deliveries that could 

reduce receiver costs, most receivers will oppose off-hour deliveries. This outcome deprives the 

entire urban delivery industry, and the metropolitan areas where deliveries take place, from 

moving operations to the off-hours and achieving a more efficient and sustainable state. 

 

In addition, the paper has produced a number of important findings that provide insight for policy 

making. One of the key ones is that the receivers’ decisions regarding whether or not to accept 

off-hour deliveries impact the carriers in different ways. The first and most obvious one, i.e., that 

the carrier cannot do off-hour deliveries without the concurrence of the receivers, was already 

identified in previous publications (Holguín-Veras et al., 2007a; Holguín-Veras, 2008; Holguín-

Veras et al., 2008). A not so obvious way has to do with the service areas that arise from the 

receivers’ decisions. This is important because the size of these service areas determine the 

distance and travel times, and the profitability for the carrier that would do the off-hour 

deliveries. In terms of carrier profitability, the paper identifies three configurations of service 

areas that correspond to: an approximation to the best case (perfectly complementary), the 

expected value condition, and the worst case scenario (perfectly overlapping). 

 

The models presented in this paper show that the profitability of the mixed operation depends 

on the distance from the carrier’s home base to the receivers. The farther the carrier is the less 

profitable the mixed operation: carriers located close to the study area should be the primary 

target of interest.  

 

The paper also analyzed the performance of cordon time-of-day and time-distance pricing. The 

results produced have subtle and notable implications in terms of who would support the pricing 

scheme. In the case of cordon time-of-day pricing, since the carriers have great difficulties in 

passing the toll costs to receivers, most carriers have to absorb the toll costs. Under time-

distance pricing, carriers would be able to pass toll costs to the receivers (though this may take 

time to allow for new contracts to be written) meaning that the price signals would reach the 

receivers. In essence, time-distance pricing transfers the toll burden from the carriers to the 

receivers.  
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The analytical formulations provide insight into the effectiveness of pricing schemes as a freight 

demand management tool. Two results stand out. The first one is that cordon time-of-day 

pricing is of limited use for freight demand management purposes. This is because of: (1) in 

competitive markets carriers have great difficulties passing toll costs to receivers; and (2) the 

cordon toll—unless all receivers switch to the off-hours, which is the least likely case—plays no 

role in incenting the carrier to switch to the off-hours. It should not surprise anyone that cordon 

time-of-day pricing does not achieve the intended freight demand management goals, though it 

could certainly play a role as a revenue generation tool. 

 

The analyses conclusively show that—since time-distance tolls enter into the marginal costs—

carriers should be able to pass them to the receivers. However, since in order to induce the 

receivers to switch to the off-hours, the price signal reaching them must be greater than the 

receivers’ costs associated with extending operations to the off-hours, the required time-

distance unit tolls are extremely high. Due to the political unfeasibility of such tolls, it is doubtful 

that time-distance pricing could play a primary role in freight demand management, though it 

could be a complementary policy. 

 

The key implication of all of this is that achieving the goal of switching a meaningful portion the 

regular hour truck traffic to the off-hours requires providing financial incentives to the receivers, 

or the development of programs, e.g., to foster unassisted off-hour deliveries to enable 

businesses to safely receive deliveries in the off-hours without staff present. Such voluntary 

programs are likely to attract a meaningful number of receivers. Since the corresponding 

carriers are likely to benefit from the switch to the off-hours—because of the lower costs and 

higher productivity—it is likely that the carriers would follow suit.  

 

This alternative is clearly superior to either forcing all receivers to do off-hour deliveries—as it is 

done in Beijing, China—because it would lead to widespread cost increases; or using road 

pricing approaches that charge tolls to the carriers in the hope that they would pass toll costs to 

the receivers, and that these would lead the receivers to switch to the off-hours. As shown in the 

paper, the latter is not likely to happen because either the carriers have difficulties passing costs 

to receivers (under cordon time-of-day tolls); or because the unit time-distance tolls required to 

induce a behavior change would have be so high that are not likely to be politically feasible.  

 

Obviously, a paradigm shift is needed. Should transportation policy makers be willing to 

embrace the fundamental findings of this research, it could open the door to more cost effective 

freight demand management that would be embraced by both carriers and receivers. Such 

freight industry friendly approaches could be a welcomed addition to the transportation policy 

toolkit. 
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