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Among new, innovative city logistics strategies, delivery 
cooperation has received increasing academic and practical 
attention mostly in Europe and Japan. The idea is to establish 
cooperation among the suppliers, carriers and the customers 
through Urban Consolidation Center (UCC), a public facility 
usually located at the city boundary; with proper 
consolidation of loads and routing, the goods are then sent to 
the customers in the urban area with cleaner vehicles and less 
vehicle miles traveled (VMT). Although creating a terminal 
increases the operating cost at the facility, it may be 
compensated by reducing VMT with the right economies of 
scale, stocking cost at the customer end, and emissions and 
congestion in urban area. 

Urban Consolidation Center (UCC) is a public urban freight 
infrastructure that serves essentially the same functionalities 
as urban transshipment center, urban distribution center 
(UDC), and city logistik (the phase used in Germany).  Large 
long-haul trucks from different suppliers come to the UCC 
and goods are consolidated and transferred to smaller trucks, a 
process known as transshipment, before being delivered into 
the city. Thereby number of truck trips is reduced and 
congestion and pollution are alleviated. 

In this study, we investigated the feasibility of UCC in an 
urban setting at the tactical level with respect to total logistics 
cost and environmental impact. In other words, whether UCC 
could reduce the logistics cost which involves the monetary 
costs for activities from production to consumption, while 
maintaining acceptable level of energy consumption and 
vehicular emissions.  

In this study, two delivery strategies are considered: Strategy 
A - delivery without UCC; and Strategy B - delivery with 
UCC.  Furthermore, within Strategy B, two sub-strategies are 
considered: B1 - delivery with UCC, and no coordination 
between inbound and outbound shipments at the consolidation 
point, and B2 - Delivery with UCC and coordination between 
inbound and outbound shipments at the consolidation point. 

There are two major model components used in finding the 
delivery efficiency in various strategies: 1) a distribution 
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Major Findings and 
Policy Implications 

network model to find the optimal schedule and routing plan, 
the optimal vehicle activity as well as the optimal cost; 2) an 
emission estimation model to obtain the value of energy 
consumption and emissions from freight vehicles.  

The distribution network model employs the Continuum 
Approximation (CA) method. Specifically, the schedule plan 
involves the decision of shipment size for each customer, 
delivery frequency, and dispatching time; the routing plan 
determines the tour pattern and number of stops.  In the 
emission estimation model, MOVES model is used to 
calculate the PM2.5 emission rates and the energy 
consumption rate. 

It is found that under certain conditions, UCC may become a 
favorable last-mile urban delivery solution to the current one 
without a UCC. Especially the benefits of UCC strategies 
become significant when the customer rent cost is high and 
UCC terminal operation cost is low.  In terms of energy 
consumption and PM2.5 emissions, B1 seems to be almost 
always doing better than Strategy A, while B2 is better off 
than Strategy A only when high customer rent cost is 
achieved. 

UCC becomes more beneficial as the economic scale is 
greater (i.e., higher numbers of customers and suppliers).  
Interestingly, our analysis shows otherwise for energy 
consumption and PM2.5 emissions. That is, Strategy A saves 
more energy and emits less PM2.5 than Strategy B1 (or B2), 
and the saving increases as the number of customers 
decreases and as the number of suppliers increases. 

Furthermore, direct delivery strategy becomes more cost 
effective in longer distance.  Similarly, moving the UCC 
location closer to suppliers would reduce the total logistic cost.  
On the other hand, the study shows that UCC without 
coordination (B1) almost always generates higher energy 
consumption and PM2.5 emissions.  
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Cooperative delivery via UCC may also provide flexibility in 
vehicle size to meet city ordinance about truck size, curfew 
and environmental issues. Moreover, considering the policy 
option of congestion pricing and other truck restrictions in the 
urban areas, cooperative delivery may become an even more 
appealing option for its flexibility and reliability, which may 
bring significant savings especially to the receivers. 
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1. INTRODUCTION 

1.1 Background: problem statement and research significance   
Due to the modern manufacturing practice, the increasing demand and the need for good service 
quality from customers, higher frequency of deliveries and larger quantities of freight shipments 
coming from, bound to or transiting through urban areas are needed. According to the Federal 
Highway Administration (FHWA), in the United States total vehicle miles of travel (VMT) 
increased by 21% in the urban areas from 1996 to 2006. In particular, the share of freight 
vehicles increased from 4.8% to 5.2%, indicating the faster growth of freight traffic in the urban 
areas. Increased urban freight traffic competes with passenger vehicles for roadway capacity and 
parking space, and hence significantly contributes to congestion and environmental problems 
(e.g., emissions and noise). For example, heavy vehicles account for 23.8% of total highway 
transportation energy consumption (U.S. DOT/FHWA, 2003), 33% of mobile source nitrogen 
oxides (NOx) emissions and 18% of NOx emissions from all sources (U.S. DOT, 2005). These 
problems arising in the final part of the supply chain are referred to as the last-mile problem. 

In European and Asian countries, various strategies providing solutions to the last mile problem 
have been studied or even field-tested (EU, 2003, OECD, 2003, CIVITAS, 2004). One such 
strategy, delivery consolidation through cooperation among the stakeholders (also known as 
urban cooperative delivery, urban consolidation or City Logistik), has been deployed 
successfully in some European and Asian countries(Kohler, 2001, Pattier, 2005, Taniguchi and 
Nemoto, 2003). In this delivery consolidation strategy, suppliers ship their goods to an Urban 
Consolidation Center (UCC) (also known as Urban Distribution Center (UDC), or city terminal 
in the literature); with proper consolidation of the loads and routing, the goods are then delivered 
to customers with minimum required frequency and the shortest routing distance.   

The key for success of this type of operation is to establish cooperation among suppliers, carriers 
and customers, and to better utilize the shipping resources (e.g., shipping capacity, storage space).  
In addition to enhancing efficiency, Taniguchi and Thompson (2002) pointed out that delivery 
consolidation could significantly reduce urban congestion and vehicle emissions.  For example, 
London Heathrow Airport Consolidation Centre (UK) consolidates deliveries for 40 retailers in 
airport terminal 5 with a 3rd party logistics company reducing 66% delivery trips,1.35kg less 
CO2 emissions per week and monetary saving of 370,000 EUR per year, while maintaining the 
95% on-time delivery rate.  

However, not all of the delivery consolidation projects survived after several years of operation, 
due primarily to financial reasons. For example, the urban distribution center project in Leidin, 
Netherlands was not financially sustainable with increased monetary costs after 3 years of 
operation, although it reduced the truck trips by 40% and hence the vehicle emissions.  
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The above empirical findings motivate us to find out what operational factors may make urban 
delivery consolidation more attractive than otherwise, and how these factors affect the 
effectiveness of delivery consolidation in terms of cost savings and environmental benefits. The 
former, aiming at minimizing costs and maximizing profits, is important from the business point 
of view; and the latter, aiming at reducing emissions, saving energy, as well as reducing number 
of trucks and congestion in urban area, is important from a sustainability perspective.  

1.2 Study objectives    
The objective of this study is to examine the effectiveness of delivery consolidation in terms of 
air pollutant emissions, energy use, and costs to businesses. This research strives to investigate 
the following research questions: 

1) What is the monetary benefit/cost of delivery consolidation to businesses? 

Currently it is not yet well understood how well delivery consolidation may work. That is, what 
operational factors make delivery consolidation more attractive than without consolidation, and 
how these factors affect the cost effectiveness of consolidation in the monetary term. These are 
important questions from the business point of view. In the current literature such effects are 
empirically observed from individual case studies and not analytically quantified. In this study, 
we attempt to formulate a mathematic model to quantify the relationship between operational 
factors and logistics costs.  

A quantitative method is used to investigate the relationship between operational factors and 
monetary cost in the last-mile delivery process. The proposed modeling tool is capable of 
analyzing the effects of various factors on logistics cost, which may not be possible to observe in 
a field case study, and such a tool is easy to be adapted to a different logistics chain in a different 
metropolitan region by modifying the input parameters.  

2) What is the social benefit of delivery consolidation in terms of reduction in total 
emissions and life cycle energy demand? 

The last mile problem is complicated for multiple stakeholders’ involvement in the system. 
Generally, from the business point of view, minimizing the cost and gain profits as much as 
possible is the major concern.  On the other hand, to achieve long-term sustainability in the 
living environment in urban areas, curbing or even reducing truck traffic and consequently 
congestion, pollution and noise is to be desired. In this study, additional to the cost analysis, the 
energy consumption and PM2.5 emissions are estimated. MOVES model is used to generate the 
emissions rates in this study. 

3) How will the answers to the questions above be affected by the size of delivery vehicles, 
market penetration and network topology? 
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In this study, the effects of a wide range of factors (e.g., the consolidation facility location, the 
market penetration, the size of delivery network, the customer density and demand, facility rent 
cost, as well as vehicle size) will be investigated on the choice of delivery strategies based on the 
pre-defined evaluation criteria. 

In addition, the framework and method can be used in future studies to conduct the following 
analysis: 

• Simulate more complex consolidation schemes (e.g. schemes that do not require city 
terminal) and distribution channels (e.g. direct delivery from warehouse to home) 

• Simulate larger scale real urban areas with different commodities and logistics chains 

1.3 Study approach  
This study compares economic and environmental impacts for a hypothetical generic urban area 
with and without delivery consolidation. Performance measures such as the logistics cost, the 
vehicle miles traveled (VMT), the amount of energy consumption and PM2.5 emissions, are 
estimated separately for two strategies: Strategy A - delivery without consolidation and Strategy 
B - delivery with consolidation.  The estimation is done in a two-step procedure.   

In the first step, a tactical level (as opposed to the operational level) optimization model with the 
objective of minimizing the logistics cost is used to obtain the optimal scheduling and routing 
plan. Here the logistics cost involves the costs for activities from production to consumption and 
can be broken down into the stationary cost components such as facility rental cost and the 
motion cost components such as transportation cost.  It is worth pointing out that in this study 
costs include all incurred components regardless of who pays for them.  

Then the amount of energy consumption and PM2.5 emissions are calculated from the optimal 
results obtained from the first step.  And the effectiveness of delivery consolidation is evaluated 
by comparing the performance measures between the two strategies.  To account for the 
uncertainties related to the factors that may prove critical to the effectiveness of consolidation 
center, a set of scenarios that represent various combinations of key factors of interest, including 
customer density, demand quantity, UCC location, and vehicle fleet used for shipments, are 
constructed.  

The tactical level optimization problem is modeled using the Continuum Approximation (CA) 
method without the need for detailed data about the suppliers and the customers, which is often 
unavailable in practice.  It relies on the spatial and temporal density and distribution of customer 
demand rather than the precise information at every exact customer location.  This method 
requires less input data, computational efforts and provides a close form solution, especially 
when the number of data points (both suppliers and customers) is large. It is a useful tool in 
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gaining insight into the interconnection between factors and cost components without needing 
the precise supplier and customer information at every exact location. 

2. LITERATURE REVIEW  

2.1 Last-mile problem and green supply chain  
The last mile can be defined as the final leg in consumer delivery service whereby the cargo is 
delivered to the recipient, either at the recipient’s home or collection point (Gevaers et al., 2011). 
A typical logistic chain is organized as follows: raw materials are sent to the supplier’s 
manufacture place, from where the finished products are shipped to the warehouse (either owned 
by the supplier or the logistics provider); then the finished products are delivered to the end 
consumers, either through traditional outlets such as retail stores or supermarkets, or directly to 
consumers’ homes. Typically the last mile concerns the delivery process from the warehouse to 
the final consumers. 

Different culture, local economic, geographic characteristics greatly affect the logistics decisions 
and delivery process. For example, in many developing countries in Asia and Africa, street 
vendors occupy street space, selling goods from fresh food to electronics, making the already 
congested roads even harder to get through; small private carriers use man labor and old delivery 
vehicles for low efficient transport and handling, generating large amount of emissions and noise 
and greatly affecting the living environment (Dablanc, 2011). In historical cities in EU and Japan, 
narrow streets make delivery trucks difficult to get into the urban area, and the limited parking 
space forces loading and unloading activities to take place on street and thus block traffic. In the 
US cities such as Los Angeles and Chicago, freight trucks are contributing significant amount of 
air pollution and noise in the city.  

During the last three decades, the efficiency of supply chains has increased dramatically.  For 
example, in the U.S., the share of the logistics-related expenditure of the GDP dropped from 
about 16.2% in 1981 to 8.7% in 2002 (FHWA, 2005).  Available data suggests that the most 
significant improvements likely have occurred in the movement of retail and high-value goods, 
which account for 30 percent of the weight and 85 percent of the value of freight moved in the 
U.S. (Section 1909 Commission Staff, 2007).  Since high-value goods are more likely to be 
shipped in smaller batches (e.g., just-in-time) to reduce the inventory cost, this trend has led to a 
rapid growth in the number of trips made by truck at a fraction of the full capacity, i.e., 49 
percent growth in trucks over 10,000 pounds and 62 percent growth in their vehicle miles of 
travel over the last 15 years (Section 1909 Commission Staff, 2007).  Similar findings are noted 
in other studies (Gray, 1992, 2002; Halldórsson et al., 2009).  On the other hand, due to the 
continuing growth of e-commerce combined with the ever-increasing expectation by consumers 
for shorter time lag between purchase and delivery, this trend is likely to continue into the 
foreseeable future.  It is estimated that total domestic trucking VMT will increase by over 60% 
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between 2000 and 2020 (AASHTO, 2003).  Additional truck traffic will further increase the 
congestion in the urban areas.  Their energy and environmental impacts will only become greater 
(Vachon and Klassen, 2006).  It is therefore imperative that viable strategies to minimize truck 
traffic in congested areas be studied and implemented.  

The concept of green supply chain and logistics is part of the so called green economy which is 
holistically viewed as a component of the ecosystem in which it resides.  A green economy is 
one that results in improved human well-being and social equity, while significantly reducing 
environmental risks and ecological scarcities.  A green economy is an economy or economic 
development model based on sustainable development and knowledge of ecological economics.  
But in a time of severely constrained state and city budgets, it is unlikely that "green" projects, 
initiatives and investments will be authorized without rigorous cost-benefit analysis and 
justification for the investment and its ultimate sustainability. Furthermore, in the last mile city 
logistics literature, there exists a gap of addressing environmental costs in the total logistics cost.  
It is therefore one of the goals of this research to investigate and develop sound last mile 
strategies that balance among the economic output, carbon footprint, and energy input. 

2.2 Overview of existing delivery consolidation studies 
To deal with the last-mile problems, various so-called city logistics strategies have been 
proposed and even field tested at both tactical level and operational level over the past two 
decades, mainly in EU and Japan. The aim of those strategies was to optimize the logistics and 
transportation activities of private companies in urban areas and at the same time provide co-
benefits to mitigate traffic congestion, energy consumption, and adverse environmental impact 
within the framework of a market economy (Taniguchi and Tamagawa, 2005).   

Delivery consolidation is viewed by some to be the best way to achieve sustainable last-mile 
development (Wisetjindawat, 2010) by reducing freight trips and energy consumed for deliveries. 
For example, the consolidation system in Freiburg, German reduced truck trips by 33% and 
travel time by 48% for the participants (Kohler, 2001). The joint distribution system in Fukuoka, 
Japan, first implemented in 1978,decreased the truck VMT and total hours of parking within the 
370,000 square mile area by 87%and 17% respectively (Ogata, Accessed March 21, 2008).  

The idea is to establish cooperation among suppliers, carriers and customers, and to consolidate 
deliveries at a public urban freight infrastructure called Urban Consolidation Center (UCC). In 
the literature, UCC serves essentially the same functionalities as urban transshipment center, 
urban distribution center (UDC), and city logistik (the phase used in Germany).  Large long-haul 
trucks from different suppliers come to the UCC and goods are consolidated and transferred to 
smaller trucks, a process known as transshipment, before being delivered into the city. Thereby 
number of truck trips is reduced and congestion and pollution are alleviated. 
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Browne et al. (2005) defined UCC as principally a logistics facility located in close proximity to 
a geographic area to serve consolidated deliveries within that area. By inserting an UCC into the 
urban delivery network typically at the urban fringe, the logistics activities are split into two 
parts: activities outside the urban limit (i.e., before UCC) and those within (i.e., after UCC). 
Optimal strategies may be considered separately to utilize resources in both parts according to 
their characteristics. In practice, cooperation from the private sector is necessary, which implies 
some form of incentives to the private sectors.  

Delivery consolidation and UCC started receiving attention as early as in the 1970s.  A 
feasibility case study on a consolidation terminal was conducted in Columbus, Ohio between 
1972 and 1974. The study result showed that the UCC would operate with financial benefits, but 
it was never put into practice (Browne et al, 2005).  In the 1990s, about 80 German cities 
launched the city logistik scheme (the German terminology for cooperative delivery via UCC) 
(Visser et al., 1999). However, most of them but five cities (Aachen, Bremen, Essen, Frankfurt, 
and Regensburg) no longer have UCC in operation (Browne et al 2005).  Following Germany, 
Switzerland launched five pilot UCC projects in 1996 and none of them are in operation today 
mainly because of the constrained demand and no public regulations involved (BESTUFS 2007).  

In recent years, studies on delivery consolidation or UCCs under the concept of city logistics 
schemes were carried out in the United States (see Regan and Colob, 2003; Holguin-Veras, 2007; 
Kawamura and Lu, 2007) and UK (Browne et al 2005, 2007). In 2005, under the support of the 
UK government, the researchers at University of Westminster reviewed the UCC cases and 
concluded that the early failed UCC projects were due to no coordination between the private 
and the public sectors. According to Browne et al. (2005), renewed UCCs schemes are being 
implemented mainly by private actors, such as in France and Sweden or through public-private 
partnerships, particularly in Italy and UK.  Some of them seem to be working out well and the 
others are not, which suggests that there are factors at work in certain context and not in the 
others (Ademe, 2004; BESTUFS, 2007; Civitas, 2006). 

Throughout the literature, there are several key points for implementing the UCC: 

First, it should be noted that much of the urban freight is already consolidated at the intra-
company level or contracted by parcel carriers, so limited or even negative benefits may be 
perceived by those companies, which could hinder the adoption of UCC (BESTUFS, 2007; 
Browne et al, 2005; Wisetjindawat, 2010).  

Secondly, private sectors are most concerned about reducing costs while maintaining a 
satisfactory level of service, especially associated with the last mile activities.  Any effective 
strategies should directly address the total logistics cost and monetary benefits (Quak and 
Tavasszy, 2011, Browne et al., 2005).   
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Thirdly, the lack of willingness to cooperate is because of the fierce competition; and the 
suppliers are afraid of disclosing competitive information about order quantities, products, 
customers to their competitors. In such cases, if cooperative delivery is used, delivery 
responsibility should be contracted to a well organized 3rd party logistics (BESTUFS, 2007; 
Panero et al., 2011). 

Lastly, some large urban areas may require more than one UCC to handle the wide variety of 
goods moving in and out of the city (Wisetjindawat,2010).  

2.3 Logistics cost components  
In the last mile problem, the logistics cost components involve transportation, inventory, facility 
and handling, and information (Chopra and Meindl, 2003).  

Transportation cost consists of the costs incurred during delivery using various transportation 
modes, including the costs incurred during transfer and waiting at intermediate stops. For 
example, if a peddle-run delivery rather than a one-to-one direct delivery is used, the stop cost at 
each additional stop is considered part of the transportation cost.  

Inventory cost is the holding cost for safety stock and the holding cost during transfer (also 
known as pipeline inventory cost). Usually it is proportional to the product quantities and the 
holding time. 

Facility and handling cost consists of the terminal operating cost and the cargo handling fee 
during the loading/unloading process. Generally speaking, adding an additional facility in the 
logistics chain (an intermediate stop during the last-mile) leads to an increase in facility and 
handling cost. It also plays an important role in shifting the inventory cost, depending on the 
facility location. For example, if the rent rate at the intermediate facility is much cheaper than at 
the supplier/customer end, then the total inventory cost in the last-mile could be reduced.  

Information cost is the cost paid for the new technology and information system, e.g., energy 
saving vehicles, GPS tracking system, and label tracking system, etc.  

2.4 Logistics operating factors in the last-mile problem 
Logistic decisions universally depend on the characteristics in the last mile problems such as 
geographic characteristics, customer requirements, market penetration and policy regulations 
(Dablanc and Rakotonarivo, 2009). 

Geographical Area and Market penetration and density 

Customer density plays an important role in distribution network design. If the average distance 
between customer points is large, delivery cost increases. Additionally, market penetration and 
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product sales volume in a given market, is crucially important for attracting sufficient 
participators to achieve the economics of scale.  

Demand level and market size 

Gevaers (2009) found that in the case of delivery to supermarkets and shops, demand level and 
market size are important economic parameters in the context of last-mile deliveries. If just one 
package needs to be delivered to a customer, cost will increase substantially because of the 
empty miles involved. And if just one supplier for a particular type of commodity exists in the 
region (monopoly), it always makes profit regardless what delivery decisions are made. 

Vehicle fleet and technology 

Vehicle fleet can significantly affect the operating cost in many ways including fuel consumption, 
loading factor, loading method and vehicle age and type (Gavaers, 2011). Another important 
factor is the information and communication technology used to monitor the fluctuation of 
demand, stock level, and traffic conditions. Hence, quick and accurate response can be made to 
save cost. 

Public restriction and policy 

Public sectors are concerned about the living environment in the urban areas. Policies and 
regulations towards alleviating congestion, emissions, and safety problems have been 
implemented in many cities. Those policies (i.e., truck route, delivery hour restriction and off-
peak delivery) tend to lower the delivery efficiency and increase the operating cost for carriers. 
Thus, adopting cooperative delivery may save money by better utilizing resources.  

2.5 Typical modeling approaches  
There are two types of problems when modeling the preference of using delivery consolidation 
or not. One is to study the interactive decisions among the stakeholders (usually the decision 
games between the supplier and the carrier, or the public sector and private sector) by using 
game theory methods and the activity-based methods. The other is to study the preference by 
comparing the total optimal cost. For this type of problem, mathematical models (e.g., mixed 
integer programming) are usually employed.  For our study purposes, we are interested in the 
latter problem.  In the rest of the section, we will thus focus on the literature addressing the 
second type of problem.  

Regan et al. (2003) used survey data in 2001 to study the preference of using a shared freight 
facility in California, by examining the results of an ordered probit demand model. The results 
showed that a reasonably large number of trucking companies would likely use such facilities – 
in particular, long distance carriers and those providing service to rail terminals are the most 
likely users. IT adoption and use of third party logistics services are also indicators of likely 
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users of shared use facilities. Marcucci (2007) conducted a stated-preference study to investigate 
how transportation decisions were made by customers or shippers in response to the potential 
demand at the urban consolidation center in the city of Fano, Italy. The results showed that 
certain types of commodity such as food and grocery items and certain types of business such as 
stores with less storage space would more likely use consolidation service. It should be pointed 
out that both studies rely on survey data which are usually quite expensive and case (regional) 
specific. While they are able to provide good empirical evidence and insight to cooperative 
delivery strategies, it is unclear to what degree the findings and experience learnt could be shared 
in other regions or even countries.   

Among analytical methods, mathematical programming is commonly used in supply chain and 
logistics analysis, in particular, evaluation of freight delivery costs.  For example, Quak et al. 
(2007) conducted a factorial design using VRP(vehicle routing problem) software to quantify the 
impact of vehicle restriction and time window regulations on delivery cost. Figliozzi (2007) 
adopted a VRP model to understand the impact of congestion on urban delivery tour efficiency. 
While these models are able to unveil the relationships between a set of factors and the variable 
of interest quantitatively, they often require a large amount of discrete input data at every 
customer point and considerable computing time.  In actuality, detailed discrete input data is 
often unavailable or hard to get.  Furthermore, Continuum Approximation (CA) provides an 
alternative to the above-mentioned mathematical programming as a useful tool when planning a 
new service or an expansion of an existing one (Langevin et al. 1995). CA relies on the spatial 
and temporal density and distribution of customer demand rather than the precise information at 
every exact customer location. Discrete data are approximated with a continuous function which 
provides a close form solution, especially when the number of points is large.  

Daganzo is the first to apply this CA method to delivery problems to analyze different logistics 
costs and trade-offs between cost components. In one study, Daganzo (1984a) analyzed the 
routing strategy of a traveling salesman problem in different shapes of the service area and 
obtained a near optimal routing strategy. In another study, Daganzo (1984b) partitioned the 
service region into clusters with different shapes, and proposed a “cluster-first, routing-second” 
methodology to approximate route length. This work on route length approximation led to 
Daganzo and Newell (1986) proposing the application of CA approaches to solving vehicle 
routing and facility location problems, which up to that point had always been formulated as a 
mixed-integer programming problem and solved heuristically with detailed inputs data. More 
recently, Daganzo (2005) summarized his previous applications of the CA method on one-to-
many delivery problems with or without transshipment.  

There are few applications of the CA method to delivery consolidation. Base on the model 
developed by Daganzo (2005), Roca-Riu and Estrada (2011) applied the CA method to a 
collaborative delivery case study at L’Hospitalet de Llobregat in Barcelona, Spain, a relatively 
small and dense urban area with a high customer density and relatively short distances between 
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origins and destinations. The study focused on the transportation cost alone with equal size stores. 
They concluded that at least 40% of the companies were needed to commit to the collaborative 
strategy in order to recover the cost of the consolidation facility.  However, the conclusion could 
be quite different if total logistics cost is considered as it encompasses many cost components 
which may often times trade off one another internally (Anand et al.,2011). Considering the total 
logistics cost in an urban delivery problem, Kawamura and Lu (2007) explored the feasibility of 
consolidated distribution systems under varying population density and service area size in shoes 
delivery. They concluded that the current multiple-stop traditional delivery system was rational 
from an industry standpoint and that the decision was relatively insensitive to factors such as 
population density and service area size.  

Campbell (1995) used the CA approach to estimate the change in vehicle emissions due to large 
truck restrictions during peak periods. Campbell concluded that large truck restrictions meant to 
ease congestion and improve air quality could be counterproductive. Rather than switching to 
off-peak operating hours (the desired effect), shippers may instead simply increase the use of 
smaller trucks in their distribution systems. This could result in increase in the total amount of 
pollutants, or little or no change. 

2.6 Data requirements 
For urban freight problems, one of the major research obstacles is the limited data sources 
available publicly.  There are national level surveys of freight transport activities in many 
countries (for example, the continuing survey of road goods transport in UK, the Freight 
Analysis Framework in the U.S.). Although these surveys cover urban areas, they usually do not 
provide detailed urban freight activities. Allen and Browne (2008) summarized the reasons as 
follows: 1) in any particular urban area, the sample size drawn from the national survey is 
relatively small; 2) disaggregating the data from the overall dataset is often difficult; and 3) the 
type of data collected in national surveys does not provide the detailed information required for 
urban freight analysis.   

During the past two decades, there have been data collection efforts made in some urban areas by 
private sectors for specific purposes, mostly in UK, followed by the U.S., Netherlands, Germany 
and Italy (Victoria and Walton, 2004; Allen and Browne,2008; Patier and Routhier, 2008). 
However, these data often suffer from the following drawbacks:  

1) Small samples compared to personal travel data and traffic counts; 
2) Data collected in one study are often not suitable for other studies because of the specific 

survey purpose and design for that study only;  
3) Detailed data are generally not public available due to the ownership and confidentiality 

issues; they are only available in the form of summary statistics or other aggregation 
forms;  

4) Majority of urban freight surveys are funded by the public sector and are not well 
maintained after the project; 
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5) Some project reports are written in their native language which must be translated into 
English, and some reports only have limited copies or are even missing.  

Generally speaking, data needs vary between urban freight transportation problems, depending 
on the planning and policy framework, the established practice in data collection, and the 
availability of previously collected data (Ogden 1992).  Table 1 summarizes the data 
requirements and the example data sources in distribution channel problems. 

Table 1.Data requirements in delivery channel problems1 

Data requirement Example Data Source in this study 
Vehicle Information Vehicle type 

Vehicle age 
Vehicle weight 
Container type 
Mileage 
 

-Texas Commercial Vehicle Surveys 
-VIUS 

Trip details and 
patterns  

Number of stops/tour 
Number of tours/day 
Location of stops 
Purpose/type of stops 
Distance between stops 
Travel time/speed 
Type of goods 
Fuel consumption 
Trip start/end time 
 

-Texas Commercial Vehicle Surveys 
-Food Environment Atlas 

Goods flows supplier/ 
customer 
(Origin/ destination) 
 

Quantities of goods 
Type of goods 
Location of O/D 
Operation cost at O/D 
Delivery requirement 
 

-Texas Commercial Vehicle Surveys 
-Food Environment Atlas 

Vehicle loading 
/unloading activity  

Load/unload location 
Load/unload duration 
Type of machine 
Vehicle dwell time 
 

-Texas Commercial Vehicle Surveys 
 

Ordering and 
stockholding 
arrangements  

Whether stock is held 
Size of storage space 
Order lead time 
Storage cost 
Handling cost 

-Texas Commercial Vehicle Surveys 
-Other data sources 

1 This table is adapted from Allen and Browne (2008) 



24 
 

3. METHODOLOGY 

3.1 Framework 
Figure 1 depicts the flow chart of major components in this study. The objective of this study is 
to investigate the efficiency of cooperative delivery strategies (i.e., delivery with or without 
cooperation) using the proposed evaluation modeling framework. Given a delivery strategy, after 
defining the basic settings (the inputs) and selecting the cost function (objective selection), two 
major modules are used to calculate the pre-defined evaluation criteria: 1) a distribution network 
model to find the optimal schedule and routing plan, the optimal vehicle activity as well as the 
optimal cost; 2) an emission estimation model to obtain the value of energy consumption and 
emissions from freight vehicles. By feeding the framework with different delivery strategies, we 
can evaluate the delivery efficiency with respect to the pre-defined evaluation criteria.  

Evaluation criteria

Distribution Network Model

Shipment size/
schedule plan

Tour pattern/
routing plan

Objective selection

Public policy
Network 
topology

Supplier/Customer/
Commodity 

characteristics

Economics
indicators

-labor cost
-rent cost
-handling cost

-point distribution 
and density
-UCC location

-vehicle size regulation
-low emission vehicle & 
alternative fuel

VIUS data
Texas commercial 
vehicle survey data

Food Environment 
Atlas 

-market share
-facility location
-demand quantities 
-handling requirement

Logistics cost
  _motion cost
  _stationary cost

Emission 
Estimation Model

Emission
Energy 

Consumption

Inputs

Optimal 
logistics 

cost

Optimal 
vehicle 

activities

Emission 
rates

 

Figure 1 Study Framework 
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In this study, two delivery strategies are considered: Strategy A - delivery without UCC; and 
Strategy B - delivery with UCC.  Furthermore, within Strategy B, two sub-strategies are 
considered: B1 - delivery with UCC, and no coordination between inbound and outbound 
shipments at the consolidation point;  and B2 - Delivery with UCC and coordination between 
inbound and outbound shipments at the consolidation point.  The pre-defined evaluation criteria 
are the logistics cost, energy consumption and PM2.5 emissions.  

The objective function is to minimize the total logistics cost, which includes the motion cost 
component and the stationary cost component. The distribution network model employs the 
Continuum Approximation (CA) method. Specifically, the schedule plan involves the decision of 
shipment size for each customer, delivery frequency, and dispatching time; the routing plan 
determines the tour pattern and number of stops.  In the emission estimation model, MOVES 
model is used to calculate the PM2.5 emission rates and the energy consumption rate.  

The proposed research framework is intended for a tactical level investigation.  With the day-to-
day demand and road network information available one can also solve for detailed scheduling 
and routing plan at the operational level, which has been well established in the literature.  
Therefore it will not be addressed in this study.   

Table 2 identifies a number of key factors influencing the efficiency of delivery strategies and 
defines the corresponding policy scenarios to be tested later in the study. 

Table 2 Summarize of scenarios 

Scenarios Description 
1 Impact of long-haul distance: with fixed UCC location 
2 Impact of long-haul distance: with variable UCC location  
3 Impact of market penetration 
4 Impact of network size  
5 Impact of customer density 
6 Impact of customer demand rate 
7 Impact of customer rent cost and UCC terminal cost 
8 Impact of vehicle size regulation 
 

3.2 Distribution network model 

3.2.1 Introduction to CA method 

In this research, Continuum Approximation (CA) method is used to build the distribution 
channel model at the tactical level. CA is a useful tool when planning a new service or the 
expansion of an existing one. As described in Chapter 2.5, CA has a number of desirable features 
that makes it a good tool for the proposed research at the tactical level.  Compared to the 
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traditional OR methods (e.g., mixed integer program), this method requires only the spatial and 
temporal densities and the average distribution of customer demand rather than the precise 
information on every exact location. Discrete data can be approximated by continuous function 
with close form solutions, especially when the number of points is large.  

We define the model objective as minimizing the total logistics cost, then choose the schedule 
and routing plan to optimize the objective and calculate the number of stops per tour, dispatching 
frequency, logistics cost and vehicle miles traveled (VMT) for further evaluation.   

In this section, we introduce the cost components formulation, then present the Continuum 
Approximation method through a one-to-one delivery problem. (Daganzo and Newell, 1986; 
Daganzo,2005) 

The logistics cost in this study is defined as various cost components arising from logistics 
operation in the last-mile process, including costs related to motion (i.e., during transportation) 
and costs related to stationary (i.e., during storage). All the costs incurred are counted regardless 
of who pays them, and are measured as cost per item. (Item is the basic unit for shipped goods, it 
can be lbs, gallon, or pallet, etc) It is not crucial that the cost of the specific action be allocated to 
the “correct” category, as all costs are included and none are double counted in the analysis. 

Motion costs are captured by the transportation cost and the handling cost. The former includes 
items movement cost from one point to another; the latter includes packaging cost and 
loading/unloading cost.  

Transportation cost can be counted in the following way:  

Fixed cost per shipment (1 )* *f s s dC n C C d= + + , 

where sn  is the number of stops per shipment; d is the total distance traveled per shipment; sC  
is the stopping cost ($/stop) and dC is the transportation cost per vehicle-mile ($/vehicle-distance) 

Variable cost per shipment *vC v= , 
where vC is the added transportation cost per extra item carried ($/item); v is the shipment size. 

Handling cost includes loading individual items onto a container (i.e. box or pallet), moving the 
container to the vehicle, and reversing these operations at the destination. The handling cost is 
proportional to the shipment size, therefore  

Handling cost per shipment ' *sC v=  

Where '
sC  is the added handling cost of carrying an extra item ($/item).  Then, the motion cost 

per shipment '* *f v sC C v C v= + +  
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We use H  to represent the average dispatch headway, and use D’ to capture the customer 
demand rate. With the fact that ' *v D H= ,  the motion cost can be expressed as a function of the 
average headway.  

Motion cost per item= ' '/ ( )f v sC D H C C+ +  
 

Stationary costs include rent costs and waiting costs. The former captures the rent for the space, 
machinery needed to store the items in place, plus any maintenance costs (i.e. security and 
utilities) directly related to the provision of storage space. The latter includes the opportunity 
cost of the capital tied up in storage, and the item value lost while waiting.  

Rent cost is the cost of the space and facilities needed to hold the maximum accumulation. 
Therefore, it should be proportional to the maximum accumulation, the item size, as well as the 
storage requirements.  

Rent cost/item= '
max( )/D *r rC max accumulation C H=  

Where rC is the rent cost per item per unite time ($/item-time) and maxH  represents the 
maximum dispatching headway during evaluation period.  
 
Waiting cost, also called inventory cost, is the cost associated with delay to the items. It is 
captured by the product of the total wait done by all items and a constant, iC ,the penalty paid for 
holding one item for one time unit. 

Waiting cost/item= max( / ) *( )i i mC average wait item C H t= +  
Where iC is the waiting cost per item per unite time ($/item-time) and mt  represents the 
transportation time between origin and destination.  Therefore, the stationary cost/item=

max( )* *r i i mC C H C t+ +  
 
To minimize the stationary cost, it is better to dispatch regularly, and the lower bound for  maxH

is H .  
 
In a one-to-one delivery problem (i.e. from supplier’s distribution center to the customer’s 
warehouse), the total logistics cost is the sum of motion cost (transportation and handling) and 
stationary cost (storage and waiting). Since only one customer exists in this problem and it 
doesn’t require routing decision, we solve the problem for the optimal headway (the scheduling 
plan).  

Total logistics cost/item= ' '/ ( ) ( )* *tf v s r i i mC D H C C C C H C+ + + + +  

 



28 
 

This problem takes the form of economic order quantity (EOQ), which can be expressed as
{ / }A H BH C+ + , where A, B, C are parameters and H  is the decision variable. We can solve 

the problem easily by hand or excel and get the optimal headway '/ )f i rH C D C C= +（  

 

3.2.2 Problem setting and assumptions 

Suppose there are M suppliers Si (i=1,2,…,M) located outside of the study (urban) area that 
supply same commodity to a set of customers Cuj (j= 1,2,…,N) – retail stores- in the study area.  
In other words, each supplier ships the required quantities to all N customers according to the 
total demand and their market shares.  The total demand rate of a customer Cuj for all suppliers is 
D’j.  Suppose that the UCC facility location, the customer demand rate, and the truck fleet 
information are known.  Considering the limited storage space in the city and the demand for 
just-in-time delivery, each supplier Si chooses the scheduling and routing strategies that 
minimize the systemic cost while satisfying the customer demand.  Specifically, the scheduling 
decision involves the shipment size and the dispatching time, and the routing decision involves 
the number of customers served in a tour (i.e., chained trips from base back to base) and the 
service coverage area. Figure 2 depicts typical traditional delivery and cooperative delivery 
strategies.  

 

 

(A) Traditional Delivery Strategy (B) Cooperative Delivery with a UCC Strategy 

Figure 2 Delivery Strategies. 
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In the traditional delivery strategy (denoted as Strategy A), the total logistics cost contains two 
components: the motion cost and the stationary cost. The motion cost component consists of 
transportation cost, stop cost and goods waiting cost during transportation; the stationary cost 
component includes facility rent and storage cost, and goods waiting cost at the facility. 
Considering the general case that the rent and storage cost is much higher at the customer’s 
establishment in the city than at the supplier’s distribution center that is typically located outside 
the urban area, it is not unreasonable to neglect the rent cost at the supplier’s end in the total 
logistics cost.  So the stationary cost considered in Strategy A in this paper occurs only at the 
customer end.  Because each shipper makes decisions independently, the traditional strategy can 
be formulated as M parallel one-to-many distribution problems. 

In the cooperative delivery with UCC strategy (denoted as Strategy B), the total logistics cost has 
another component in addition to the abovementioned two: the stationary cost at the UCC 
terminal.  Because cooperation exists among the suppliers, the total logistics cost can be divided 
into three parts: (i) inbound cost, which corresponds to the motion cost component from the 
suppliers to UCC and the UCC terminal stationary cost associated with the inbound shipment 
(e.g., the terminal rent and storage cost related to the inbound headways); (ii) UCC terminal cost, 
which corresponds to the terminal-specific stationary cost (e.g., the handling and storage cost 
regardless of the headways); and (iii) outbound cost, which corresponds to the motion cost from 
the UCC terminal to the customers and the UCC terminal stationary cost associated with the 
outbound shipment (e.g., the terminal rent and storage cost related to the outbound headways).  
Thus the total logistics cost is the summation of a one-to-one distribution problem for the 
inbound portion and a one-to-many distribution problem for the outbound portion, plus the UCC 
terminal-specific cost.  The detailed mathematical formulation will be described in Chapter 3.2.3. 

In this study, the traditional delivery and cooperative delivery strategies are illustrated through 
the example of delivery of non-perishable grocery items among grocery stores in an urban area. 
There are three reasons for choosing the delivery of non-perishable grocery items as an 
illustrative case. Firstly, they are easy to quantify by weight. Secondly, they are typically shipped 
exclusively (i.e., not mixed with non-grocery items).  And thirdly, they have been studied in the 
literature so their delivery patterns and attributes are relatively well known, which enables us to 
conduct reasonableness check and obtain realistic parameter values for our study.   

Note that the grocery stores (i.e., customers) considered in the study are small to medium size 
independent grocery stores as opposed to chain supermarkets and wholesale stores, which have 
their own logistics operation, often time already consolidated by some measures; and therefore 
the kind of consolidation strategy examined here is of little benefit to them.  On the other hand, 
home delivery to the end users is very dynamic in nature; and it is hard to quantify the demand 
accurately.  In fact, home delivery is a whole other research area in itself.  Therefore, this study 
only considers the delivery ending at small or medium local grocery stores. 
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The following are necessary model assumptions for the problem formulation that is presented 
later in Chapter 3.2.3:  

 The customers are homogeneous and uniformly distributed in the study are with the same 
demand rate for each supplier.  That is, '

ijD = 'D , and ' '
ij j

i
D D=∑ . 

 Each customer is served by all suppliers, and each supplier serves all customers in the 
study area. 
 The demand rate is constant over time, which means '

ijD does not change over time. 

 The number of customers (N) in the study area is large (N>>the square of the number of 
stops per tour).  In other words, multiple delivery tours are needed to serve all of the customers. 
 The commodity to be delivered is non-perishable grocery items. So it can be assumed 

that the items’ waiting cost (also known as inventory cost) is relatively small compared to the 
other cost components and hence is ignored in the analysis.  This assumption also implies that 
the rent cost dominates the inventory cost at the customer end, thus minimizing the maximum 
accumulation of the items at the store will result in the minimum stationary cost at the customer 
end. 
 Vehicles have a maximum load of maxV .  The above assumption about low waiting cost 

also implies that vehicles always set out with maximum load in this study since it is obviously 
more economical. 
 A vehicle tour accounts for the truck activity that consists of the following: departs from 

the base (a depot or a distribution center), serves one or more customers, then goes back to the 
base.  It is assumed that there is no reverse flow, which means the vehicle does not collect items 
during the tour and bring them back to the base. 
 There is no restriction on tour length. 
 The study area can be partitioned into rectangles or circles.  

 

3.2.3 Problem formulation 

The model formulation is an extension to Daganzo’s work on Logistics Cost Functions (1986 
and 2005), with necessary modifications that are described below. The parameter notations with 
the adopted values used in our analysis are given in Table 3.  Explanation on how the parameter 
values were determined is presented in Chapter 3.2.5. 

Table 3 Summary of the Parameters Used in the Model Formulation 

Notation Explanation Unit Lower 
Bound 

Upper 
Bound 

Typical 
Value 

dδ  Customer density per sq miles 1.43 49.03 25 

'D  Customer demand rate lbs/customer-day 59.69 3246 1550 
r  Long-haul distance in traditional Mile 50 500 250 
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delivery 
1r  Supplier-UCC long-haul distance Mile   230 
2r  UCC-customer long-haul distance Mile   20 

K  Dimension less parameteri     0.82 

maxV  Vehicle capacity Lbs 7272 22238 9238 

M  Number of suppliers /   5 
N  Number of customers /   500 

rC  Customer rent cost $/lbs-day 0.39 4.5 0.5 

1hC  Long-haul transportation cost $/mile   0.63 

2hC  local transportation cost $/mile   1.83 

sC  Fixed stop cost (e.g. regardless of 
the item quantities) 

$/stop   16.34 

'
s

C  Variant stop cost (e.g. as a 
function of the item quantities) 

$/lbs   0.005 

0
rC  Fixed terminal rent cost  $/order   0.02 

t
rC  Variant terminal rent cost  $/lbs   0.0868 

0
fC  Terminal handling cost (fixed) $/order   0.184 

t
fC  Terminal handling cost (varied) $/lbs   0.004 

tH  Minimum terminal process time Day   0.083 

sn  Number of stops in a delivery tour (decision variable in 
the model) 

   

v  Shipment size from one supplier to 
one customer  

(decision variable in 
the model) 

   

 

Strategy A: Without UCC 
The traditional delivery problem (Strategy A) is treated as an M-parallel one-supplier-to-many-
customer distribution problem.  As illustrated in Figure 1(A), supplier Si serves all customers in 
the study area without discrimination, and ships goods directly to the customers with a number of 
multiple-stop tours.  With the assumptions that N is a large number and that the customers are 
homogeneous, the study area can be partitioned into an integer number of identical subareas.  
Each subarea is served by one delivery tour.  Furthermore, each customer Cuj (j=1,…,N) is 
assumed to have the same demand rate for supplier Si.  Therefore, the number of stops is equal in 
every delivery tour. 

We introduce the following auxiliary variables to representing the cost components of long-haul 
motion cost ( 1Aα ), detour motion cost ( 2 Aα ) and stationary cost ( 4 Aα ): 

                                                 
i K is a dimensionless parameter, which only depends on the metric to reflect the detour distance. It is an 

approximate VRP distance without the precise location of each customer. K=0.82 in the L1 Metric, see Daganzo 
(2005) Appendix 1 for the proof. 
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1 12A d srC Cα = +  

0.5
2 2A d d sC k Cα δ −= +  

'
4 /A hC M Dα =  

Normalize by the shipment size per tour, the total logistics cost per unit without UCC can be 
formulated as follows: 

 
'

1 2 4/ /A s A s A AZ C n v v vα α α= + + +  (1) 

 . sSt n v Vmax≤  (2) 

 1sn ≥  (3) 
Constraints (2) and (3) ensure that the shipment size per tour cannot exceed the vehicle capacity, 
and at least one customer is served in the tour.  It is a simple quadratic program which can be 
solved either by hand or commercial software.  Solving the problem with the fully loaded truck 

condition, i.e., =sn v Vmax , we have the following: 
1) If the optimal shipment size *

2 4/A Av Vmaxα α= ≤ , then 

Optimal total logistic cost    * '
1 2 4/ 2

sA A A AZ C Vmaxα α α= + +  

Optimal motion cost            * '
1 2 4/

s

t
A A A AZ C Vmaxα α α= + +  

Optimal stationary cost        *
2 4

h
A A AZ α α=  

 
2) If the optimal shipment size *

2 4/A Av Vmaxα α= ≥ , then 

Optimal total logistic cost    * '
1 2 4( ) /

sA A A AZ C Vmax Vmaxα α α= + + +  

Optimal motion cost             * '
1 2( ) /

s

t
A A AZ C Vmaxα α= + +  

Optimal stationary cost         *
4

h
A AZ Vmaxα=  

Strategy B: With UCC 
As shown in Figure 1(B), in the cooperative delivery problem (Strategy B), UCC consolidates 
the quantities according to the demand by N customers from M suppliers, and then disseminates 
the quantities to all customers in the study area.  In this case, we assume that UCC is located 
outside of the study area and the average distance from the supplier to UCC is r1, and the average 
distance from UCC to the customer is r2. The number of suppliers and customers reflects the 
economic scale of using UCC. 
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The following auxiliary variables are introduced in Strategy B: 
 
Inbound motion cost 1 1 12Bi d srC Cα = + , 

Inbound stationary cost '
4Bi /hC M NDα = , 

Outbound long-haul motion cost  1 2 12Bo d sr C Cα = + , 

Outbound detour motion cost 0.5
2 2Bo d d sC k Cα δ −= + , 

Outbound stationary cost '
4Bo /hC Dα = , 

UCC terminal rent and handling cost (varied part over quantities) 5
t t
f r tC C Hα = + , 

UCC terminal rent and handling cost (fixed part over quantities) 6
o o
f rC Cα = + . 

Normalized by the shipment quantities per tour, the total logistic cost with UCC can be 
formulated as follows: 

B Bi Bo BtZ Z Z Z= + +                                                                       (4) 

Where '
1 4/Bi s Bi i Bi iZ C v vα α= + +                                                                (5) 

'
1 2 4= / /Bo s Bo s o Bo o Bo oZ C n v v vα α α+ + +                              (6) 

'
5 6max[ , ] /t

Bt r i oZ C H H NDα α= + +                                  (7) 
.  iSt v Vmax≤                             (8) 

 o sv n Vmax≤                                                            (9) 

 1sn ≥                                                                    (10) 
Equations (5),(6) and (7) represent the inbound cost, outbound cost and the UCC terminal cost; 
while (8) and (9) ensure that the shipment size is less than vehicle capacity. Equation (10) 
indicates at least one customer is served during each outbound delivery. In equation (7), the first 
term is the terminal rent cost as a function of storage time, usually the largest time gap between 
the inbound shipment and the next outbound shipment. Thus, if one prefers frequent service 
while the other operates with a long headway, the cost at the UCC terminal will increase, 
contributing to an increase in the total logistics cost. Therefore, two types of cooperative delivery 
are discussed next:  

No coordination between inbound and outbound trips at UCC (Strategy B1): Inbound trips to 
UCC and outbound trips from UCC are assumed to be non-coordinated under this scenario.  In 
other words, these two delivery activities occur independently.  In this case, the optimization 
results can be obtained separately for inbound and outbound deliveries.  Thus optimal results can 
be obtained by solving the two quadratic problems (5) (8) and (6)(9)(10) separately as shown in 
Table 4.  
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For inbound trips, if the optimal unit shipment size *v  is larger than the vehicle capacity, 
equation   

 
2 '

1 1(2 ) / /d s max hrC C N M V C D+ ≥  (10) 

then constraint (5) must be satisfied. This indicates that when the ratio of the number of 
customers to that of suppliers, demand rates, as well as the long-haul distance are large, it is 
possible for the inbound unit shipment size to exceed the vehicle capacity, i.e., constraint (8). In 
that case, the optimal shipment size is set equal to the vehicle capacity. 

Similarly, when the demand rates are high and the customer density is low, it is possible for the 
outbound shipment size to be greater than the vehicle capacity, if no constraint applied. In that 
case, the optimal outbound shipment size would equal to the vehicle capacity.  

Coordinated inbound and outbound trips at UCC (Strategy B2): Under this strategy, inbound 
and outbound trips are synchronized in terms of their headway (or dispatching frequency).  Thus, 
the single quadratic problem (5)-(10) is solved. The optimal results for both Strategy B1 and B2 
are presented in Table 4. 
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Table 4. Optimal Results for UCC Strategies B1 and B2 1 

 Condition Optimal cost Expressions 
Strategy 
B1 i maxv V≤

and 

o maxv V≤  

Total logistics 
cost 

* '
1 1 4 1 4 1

' ' '
1 4 2 4 5 6

2 2 2 /

         C max[ / , / ] /
sB Bi Bi Bo Bo Bo max

t
h Bi Bi Bo Bo

Z C V

M ND D ND

α α α α α

α α α α α α

= + + + +

+ +
 

Motion cost * '
1 1 4 1 4 12 /

s

t
B Bi Bi Bo Bo Bo maxZ C Vα α α α α= + + +  

Stationary cost * ' ' '
1 1 4 1 4 1 4 2 4 5 6C max[ / , / ] /h t

B Bi Bi Bo Bo h Bi Bi Bo BoZ M ND D NDα α α α α α α α α α= + + + +
 

i maxv V≥
and 

o maxv V≤  

Total logistics 
cost 

* '
1 1 1 4 2 4

' ' '
2 4 5 6

2 ( ) / 2

          C max[ / , / / ] /    
sB Bo Bi max Bi max Bo Bo

t
h max Bo Bo

Z C V V

V M ND D ND

α α α α α

α α α α

= + + + +

+ +
 

Motion cost * '
1 1 1 2 42 ( ) /

s

t
B Bo Bi max Bo BoZ C Vα α α α= + + +  

Stationary cost * ' ' '
1 2 4 2 4 5 6+C max[ / , / / ] /t

B Bo Bo h max Bo BoZ V M ND D NDα α α α α α= + +  
Elseii Total logistics 

cost 
* ' ' '

1 1 1 2 4 4 5 62 ( ) / ( ) C / /
s

t
B Bo Bi Bo max Bi Bo max h maxZ C V V V D NDα α α α α α α= + + + + + + + +  

Motion cost * '
1 1 1 22 ( ) /

sB Bo Bi Bo maxZ C Vα α α= + + +  
Stationary cost * ' '

1 4 4 5 6( ) C / /h t
B Bi Bo max h maxZ V V D NDα α α α= + + + +  

Strategy 
B2 i maxv V≤

and 

o maxv V≤  

Total logistics 
cost 

* ' ' '
2 1 1 2 4 4 5 62 / 2 ( / )( / C / ) /

s

t
B Bo max Bi Bo Bi Bo hZ C V N M M N M ND NDα α α α α α α= + + + + + + +  

Motion cost * ' '
2 1 1 2 4 42 / ( / )( / C / )

s

t t
B Bo max Bi Bo Bi Bo hZ C V N M M N M NDα α α α α= + + + + +  

Stationary cost * ' '
2 1 2 4 4 5 6( / )( / C / ) /h t

B Bi Bo Bi Bo hZ N M M N M ND NDα α α α α α= + + + + +  
Elseiv Total logistics 

cost 
* ' ' '

2 1 1 2 4 4 5 62 ( / ) / ( / C / ) /     
s

t
B Bo Bi Bo max Bi Bo h maxZ C N M V M N M ND V NDα α α α α α α= + + + + + + + +  

Motion cost * '
2 1 1 22 ( / ) /

s

t
B Bo Bi Bo maxZ C N M Vα α α= + + +  

Stationary cost * ' '
2 4 4 5 6( / C / ) /h t

B Bi Bo h maxZ M N M ND V NDα α α α= + + + +  

                                                 
ii, iv It is not possible for i maxv V≤  and o maxv V≥ when M/N<=1.  Proof is not provided here due to space limitation.  
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3.2.4 Data description 

In this research, we have assembled and compiled the following data sets for estimating the 
model parameters.  

Texas Commercial Vehicle Surveys (Nepal, Farnsworth and Pearson, 2007) was conducted by 
Texas Department of Transportation in counties of San Antonio, Amarillo, Valley, Lubbock and 
Austin during 2005 and 2006. The data set contains randomly selected samples from a combined 
database of field observations of privately operated certified commercial vehicles in the study 
areas, including a total of 13,802 trips made by 1,711 commercial vehicles, in which the food 
commodity accounts 25% of the total trips. Drivers or operators of the selected vehicles 
completed both a vehicle information form and a daily travel log on an assigned day. As shown 
in Table 5, the surveys record the trip information such as departure time, arrival time, location, 
commodity, quantities of drop size; and the vehicle information like vehicle type, fuel type, gross 
weight, odometers, etc.   

Table 5. Key information recorded in the Texas Commercial Vehicle Survey travel log 

Stop-level attributes Description 
Longitude and latitude Stop coordinates 

 
Departure time Departure time at stop 

 
Arrival time Arrival time at stop 

 
Loading/unloading cargo 
type 

Cargo Classification: 1) Farm products, 2) Forest products, 3) Marine 
Products, 4) Metals and Minerals, 5) Food, Health, and Beauty Products, 
6) Tobacco Products, 7) Textiles, 8) Wood Products, 9) Printed Matter, 
10) Chemical Products, 11) Refined Petroleum or Coal Products, 12) 
Rubber, Plastic, and Styrofoam Products, 12) Clay, Concrete, Glass, or 
Stone, 14) Manufactured Goods/Equip, 15) Wastes, 16) Miscellaneous 
Shipments, 17) Hazardous Materials, 18) Transportation, 19) Unclassified 
Cargo, 20) Driver Refused to Answer, 21) Unknown to Driver, 22) Empty 
 

Loading/unloading cargo 
weight 

Total loading or unloading cargo weight 

Activity type Activity Options: Base Location/Return to Base Location, Delivery, Pick-
up, Pick-up and Delivery, Maintenance (fuel, oil, etc.), Driver Needs 
(lunch, etc.), To Home, Others (specify), Refused/Unknown 
 

Land use type of stop Land Use Type Options: Office Building, Retail/Shopping, 
Industrial/Manufacturing, Medical/Hospital, Educational (12th Grade or 
less), Educational (College, Trade, etc.), Government Office/Building, 
Residential, Airport, Intermodal Facility, Warehouse, Distribution Center, 
Construction Site, Others (specify), Refused/Unknown.   
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Food Environment Atlas is a program supported by the U.S. Department of Agriculture, 
Economic Research Service. It aims at stimulating research in food choice and diet quality by 
providing public county-level statistics in community characteristics and food availability, 
including information such as demographic composition and population density, accessibility 
and proximity to a grocery store, number of stores available, and the demands at stores, etc. The 
statistics are generated with multiple data sources collected between 2006 and 2008. Table 6 
lists the key parameters recorded in this data set.  The data is used to estimate the range of social 
economic parameters for this study.   
 

Table 6 Key information recorded in the Food Environment Atlas 

County level Indicators Description 
Access to food stores # Households no car & >1 mi to store, 2006 

% Households no car & >1 mi to store, 2006 
# Low income & >1 mi to store, 2006 
% Low income & > 1 mi to store, 2006 
# Households no car & >10 mi to store, 2006 
% Households no car & >10 mi to store, 2006 
# Low income & >10 mi to store, 2006 
% Low income & >10 mi to store, 2006 
 

Availability of food stores # Grocery stores, 2007 
Grocery stores/1,000 pop, 2007 
# Supercenters and club stores, 2007 
Supercenters and club stores/1,000 pop, 2007 
# Convenience stores no gas, 2007 
 

Food at home Lbs per capita fruit and vegetables, 2006 
Ratio of per capita fruit&vegetables and prepared food, 2006 
Lbs per capita packaged sweet snacks, 2006 
Gals per capita soft drinks, 2006 
Lbs per capita meat&poultry, 2006 
Lbs per capita solid fats, 2006 
Lbs per capita prepared food, 2006 
 

Food price Relative price of low-fat milk, 2006 
Relative price of sodas, 2006 
Relative price ratio low-fat milk/sodas, 2006  
Price ratio green-leafy/starchy veg, 2006 
Price ratio fruit/pkg sweet snacks, 2006 
Price ratio fruit/pkg savory snacks, 2006 
Price ratio wholegrain/refinedgrain, 2006  
 

Local food # Farms with direct sales, 2007 
% Farms with direct sales, 2007 
% Farm sales $ direct to consumer, 2007 
$ Direct farm sales, 2007 
$ Direct farm sales per capita, 2007 

http://www.ers.usda.gov/foodatlas/documentation.htm#numberhh2006
http://www.ers.usda.gov/foodatlas/documentation.htm#percenthh2006
http://www.ers.usda.gov/foodatlas/documentation.htm#low2006
http://www.ers.usda.gov/foodatlas/documentation.htm#%low2006
http://www.ers.usda.gov/foodatlas/documentation.htm#numberhh10mile2006
http://www.ers.usda.gov/foodatlas/documentation.htm#percenthh10mile2006
http://www.ers.usda.gov/foodatlas/documentation.htm#low10mile2006
http://www.ers.usda.gov/foodatlas/documentation.htm#percentlow10mile2006
http://www.ers.usda.gov/foodatlas/documentation.htm#grocery2007
http://www.ers.usda.gov/foodatlas/documentation.htm#grocerystores
http://www.ers.usda.gov/foodatlas/documentation.htm#numbersupercenters
http://www.ers.usda.gov/foodatlas/documentation.htm#supercenters
http://www.ers.usda.gov/foodatlas/documentation.htm#numberconvenience2008
http://www.ers.usda.gov/foodatlas/documentation.htm#lbsfruit
http://www.ers.usda.gov/foodatlas/documentation.htm#ratiofruit
http://www.ers.usda.gov/foodatlas/documentation.htm#lbssweetsnacks
http://www.ers.usda.gov/foodatlas/documentation.htm#galsdrinks
http://www.ers.usda.gov/foodatlas/documentation.htm#lbsmeat
http://www.ers.usda.gov/foodatlas/documentation.htm#lbsfat
http://www.ers.usda.gov/foodatlas/documentation.htm#lbsmeals
http://www.ers.usda.gov/foodatlas/documentation.htm#pricelowfat
http://www.ers.usda.gov/foodatlas/documentation.htm#pricesweetened
http://www.ers.usda.gov/foodatlas/documentation.htm#ratiolwfat
http://www.ers.usda.gov/foodatlas/documentation.htm#ratiogreen
http://www.ers.usda.gov/foodatlas/documentation.htm#ratiosweetsnacks
http://www.ers.usda.gov/foodatlas/documentation.htm#ratiosavory
http://www.ers.usda.gov/foodatlas/documentation.htm#ratiowholegrain
http://www.ers.usda.gov/foodatlas/documentation.htm#numberfarms
http://www.ers.usda.gov/foodatlas/documentation.htm#percentfarms
http://www.ers.usda.gov/foodatlas/documentation.htm#farmsales
http://www.ers.usda.gov/foodatlas/documentation.htm#directfarmsales
http://www.ers.usda.gov/foodatlas/documentation.htm#directfscapita
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# Farmers’ markets, 2009 
Farmers’ markets/1,000 pop, 2009 
# Vegetable acres harvested, 2007  
Vegetable acres harvested/1,000 pop, 2007 
Farm to school program, 2009 
 

Socioeconomic  
Characteristics 

% White, 2008 
% Black, 2008 
% Hispanic, 2008 
% Asian, 2008  
% Amer. Indian or Alaska Native, 2008 
% Hawaiian or Pacific Islander, 2008 
Median household income, 2008 
Poverty rate, 2008 

 
The Vehicle inventory and usage survey (VIUS) is a public available data set collected by the 
U.S. Census Bureau. It provides data on the physical and operational characteristics of the 
nation's private and commercial truck population. Its primary goal is to produce national and 
state-level estimates of the total number of trucks. VIUS provides physical and operational 
characteristic data of nationwide private and commercial truck fleet. The physical characteristic 
data include weight, number of axles, overall length, body type, etc. for medium and heavy 
trucks. The operational characteristic data include commodities handled, distance traveled, 
mileage, etc. This survey was conducted every 5 years till 2002, as part of the economic census. 
VIUS 2002 is used to obtain the vehicle information at the state level for this research.  

Other data sources include a study by Regan et al (2005) based on a survey carried out in spring  
2001 of logistics managers in California, the research findings from Kawamura (2000) 
(2007)and Hayashi et al(2005), 2011business facility rental information obtained from various 
Internet advertisement sources (e.g.,  the Crag’s list). 

3.2.5 Parameter estimation 

As stated in Chapter 1, a major research obstacle is the limited public available data sources for 
urban freight problems. With this problem, we combined several data sources which were 
described in Chapter 3.2.4 to estimate the parameters for this study. 

Customer density  The Food environmental Altas provides the grocery store density per capita 
and population density per square mile in 2008 in four counties: New York(Manhattan), 
Cook(Chicago), Los Angeles and San Francisco. The customer density is the product of the store 
density and population density.  The results show that San Francisco has the lowest value and the 
New York has the highest value among the five counties, the range of the customer density is 
1.43-49.02(store per sq mile).  

 
Demand rate  The Food Environmental Altas contains the grocery consumption in lbs per capita, 
and the direct sale percent which counts for the portion consumed via the grocery stores during 

http://www.ers.usda.gov/foodatlas/documentation.htm#numberfarmersmkts
http://www.ers.usda.gov/foodatlas/documentation.htm#farmersmkt1000
http://www.ers.usda.gov/foodatlas/documentation.htm#numbervegetable
http://www.ers.usda.gov/foodatlas/documentation.htm#vegetableacres
http://www.ers.usda.gov/foodatlas/documentation.htm#farmtoschool
http://www.ers.usda.gov/foodatlas/documentation.htm#white
http://www.ers.usda.gov/foodatlas/documentation.htm#black
http://www.ers.usda.gov/foodatlas/documentation.htm#hispanic
http://www.ers.usda.gov/foodatlas/documentation.htm#asian
http://www.ers.usda.gov/foodatlas/documentation.htm#indian
http://www.ers.usda.gov/foodatlas/documentation.htm#hawaiian
http://www.ers.usda.gov/foodatlas/documentation.htm#median
http://www.ers.usda.gov/foodatlas/documentation.htm#poverty
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the year 2006 for the same four counties.  By dividing the product of the groceries consumptions 
and direct sale percent with the grocery store density per capita, we obtained the demand rate at 
the customer end (lbs/store-day) with the range from 59.69-3246.  Note that this demand rate is 
the sum of the demand rate from all suppliers in the model, i.e., D’j.   

 
Long haul distance In spring 2001, University of California conducted a survey of Logistics 
managers of more than 700 trucking companies operating in California (Marcucci, 2008). The 
survey recorded the company’s information and asked the intention of using shared freight 
facility. The results showed that the shared freight facility demand is highly correlated with the 
truck haul distance: The potential demand for using the shared freight facility is highest for 
carriers with hauls over 500 miles and lowest for carriers with hauls less than 50 miles. In the 
range of 50-500 miles, the carriers have neutral opinions in the choice. Therefore, for our study 
purpose, 50-500 miles is used as the range of the long-haul distance. 

 
Vehicle capacity The Freight Analysis Framework 2 (FAF2) gives the average payload 
(measured in lbs) by Gross Vehicle Weight Group derived from VIUS 2002 for each state. The 
VIUS data provides the physical (e.g., weight, overall length, body type) and the operational 
characteristics (e.g., commodities handled, mileage) of nationwide private and commercial truck 
fleet. The VIUS data revealed that 99% of the truck trips for carrying food commodities were 
made by the Gross Vehicle Weight Groups 2 to 8, which corresponds to the payload range of 
7,272 lbs to 35,101 lbs. The most frequently used truck group is Group 6 (single unit truck) with 
a payload of 9,238 lbs, followed by the truck group 7(combinational truck) with a payload of 
22,238lbs. Therefore, we will use 9,238lbs as the standard vehicle capacity in this study, with an 
alternative capacity of 22,238lbs.  

 
Store rent cost By looking up the merchandise renting cost from the advertisement online in the 
urban areas of the four counties mentioned above, we obtained the rent cost for stores with area 
between 10,000 and 15,000 sq ft.  By dividing the rent cost by the demand rate, the store rent 
cost is in the range of be 0.39-0.68($/day-lbs).  

 
Stop cost According to Kawamura (2000),the perceived value of time for truck operators =28.1 
per hour; the Texas data show that over 95% of the dwell times are in the range of 10 to 60 
minutes for the food commodity, therefore the range for fixed stop cost is 4.68 to 28.1 ($/stop). 
Moreover, with the pickup/drop size information available in the Texas data set, a regression 
model gives the value of the varied stop cost of 0.005($/lbs) 

 
Distance cost The local average speed for commercial vehicle obtained from Texas data is 19.36 
mph; The long-haul average speed can be roughly estimate from the highway potion considering 
speed limit and congested effects, which is 44mph. Applying the value of time for trucks, the 
value of distance costs for local and long-haul are 1.83 and 0.63 separately.  
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Other parameters The location of UCC terminal is assumed to be outside of the areas, which an 
average distance of 50 miles from the UCC terminal to the delivery regions is reasonable. 
Because there is no existing practice of UCC in the US, the UCC terminal cost components are 
hypothetic and generally comes from the rent cost of warehouse at suburbs area. We obtain the 
values of terminal operation cost used in Kawamura and Lu (2007) and vary them by 2% to 2000% 
to conduct a sensitivity analysis.  

3.3 Emission estimation model 

3.3.1 Introduction to MOVES 

To evaluate the environmental impacts on delivery consolidation, US EPA emission model 
MOVES is used to generate the emission factors of various vehicle types at different speeds (US 
EPA, 2010). Based on different factors such as vehicle characteristics (e.g., fuel type, load 
weight, etc), vehicle activity characteristics (e.g., speed distribution, vehicle specific power) and 
other external factor (e.g., road type), MOVES classifies the vehicle activities into different 
activity bins and estimate the emission rates. A few correction factors are also applied to the 
emission rates to adjust for the influence of temperature, air conditioning, and fuel effects. For 
more details, please refer to Vallamsundar and Lin (2011).  

In this study, two types of pollutant are included in the analysis: energy consumption, which is 
directly linked to the CO2 and PM2.5 emissions.  It is worth mentioning that other pollutants (i.e. 
CO, PM10, NOx) can be incorporated in the similar fashion as to be presented below for further 
study.  

Emission rate estimation in MOVES 
MOVES implements a modal-based approach to estimate emissions. An important aspect of this 
approach is that vehicle activities can be “binned” into categories according to different factors 
affecting emissions. The bins that differentiate activities according to vehicle characteristics such 
as fuel type, engine type, model year, loaded weight, and engine size are labeled source bins. 
Operating mode bins differentiate the emissions according to second-by-second vehicle activity 
characteristics consisting of vehicle specific power (VSP) - a measure of the power demand 
placed on a vehicle under various driving modes and instantaneous speed distributions, and 
classified according to average speed, road type, and vehicle type.  After classifying activities 
into different bins, MOVES assigns an emission rate for each unique combination of source and 
operating mode bin. Once the emission rate is assigned to each source and operating mode bin, 
the emission rates are aggregated to produce an overall emission rate for each source-use type. A 
few correction factors are also applied to the emission rates to adjust for the influence of 
temperature, air conditioning, and fuel effects.  More detailed technical discussion of MOVES 
can be found in US EPA (2010) 
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To estimate the PM2.5 emission rate and the energy consumption rate in MOVES, a number of 
input parameters must be specified.  Table 7 summarizes the key inputs to MOVES for this 
study.  Note that emissions are typically regionally specific and hard to generalize.  Therefore, 
many of the input parameters shown in Table 7 are Chicago (Cook County) based.  But the 
estimation procedure is common to any geographical areas in the country.  

Table 7 Key input parameters to MOVES 

Input Description 
Season Winter  
Time of day/Day of Week Mid-day, weekday 
Analysis year 2011 
Road type -Urban Unrestricted Access or Arterials 

-Urban Restricted Access or Freeways 
Pollutants PM2.5, Energy consumption 
Emission Processes Running exhaust, crankcase running exhaust, brake and tire wear and tear 
Vehicle type Single Unit Short-haul Truck, Combination short-haul Truck 
Vehicle speed 0-70 mph 
Fuel type diesel (Cook county specific) 
Temperature Cook county specific 
 
 

3.3.2 Emission factors generated by MOVES 

After running MOVES, an emission rate matrix by vehicle speed for each road type and vehicle 
type is obtained.  The next step is to fit a continuous smooth curve between the emission rates 
and the vehicle speeds. To keep the environmental cost component in the objective function 
simple and solvable, polynomial power functions are fitted.   Figures 3 - 6 show examples how 
well the curves are fitted to the estimated emission rates (from MOVES) in blue dots.  
 

 
Figure 3 PM2.5 emission rate curve by speed for single-unit short-haul truck 
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Figure 4 PM2.5 emission rate curve by speed for combination short-haul truck 

 

 

Figure 5 Energy consumption rate curve by speed for single-unit short-haul truck 
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Figure 6 Energy consumption rate curve by speed for combination short-haul truck 

 
Table 8 summarizes the final fitted curves for diesel engine truck emission rates in calendar year 
2011.  Here only the emission rates for two vehicle types are considered: single unit short-haul 
truck and combination short-haul truck.  According to the Texas data, the local (arterial) average 
speed for commercial vehicle is 19.36 mph; The long-haul (freeway) average speed is assumed 
to be 44 mph after taking into account congestion effect.  
 

Table 8  PM2.5 emission rates and energy consumption rates 

Pollutant Vehicle type Equation R² EF value at 
Speed=19.36mph 
(gram/mile) 

EF value at 
Speed=44mph 
(gram/mile) 

PM2.5 
 

Single unit 
truck 

 

y = 0.0003x2 - 
0.0374x + 1.2015 

0.9105 0.589879 
 

0.1367 
 

Combination 
truck 

y = 0.0003x2 - 
0.0424x + 2.2224 
 

0.9492 1.513979 
 

0.9376 
 

Energy 
Consumption 

 

Single unit 
truck 

 

y = 10060x2 - 
1E+06x + 4E+07 
 
 

0.9192 24410585 
 

15476160 

Combination 
truck 

y = 9837.6x2 - 
1E+06x + 5E+07 
 

0.9357 34327227 25045594 
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3.3.3 Emission calculation 

With the emission factors from Table 8, and the total vehicle miles traveled from the model 
described in Chapter 3.2.3, the total emissions can be estimated with the following equation: 

, , ,
,

( ) *p veh road veh road
veh road

Emission p EF VMT= ∑   

Where   p---pollutant type, PM2.5 or Energy consumption; 
             veh---vehicle type, single-unit truck or combination truck; 
            road---road type, freeway or arterial; 
           , ,p veh roadEF ---emission rate for pollutant p, vehicle type veh, and road type road; 

          ,veh roadVMT ---vehicle miles traveled for vehicle type veh and road type road. 

4. ANALYSIS RESULTS 
The CA models described in Chapter 3 are applied with the parameter values set in Table 3.  
Furthermore, a series of sensitivity analyses are performed on long-haul distance, number of 
suppliers and number of customers, customer density and demand, fleet size, and customer rent 
cost and UCC terminal cost, to evaluate the effects of these factors on the total logistics cost, 
energy consumption, and PM2.5 emissions.  Results are presented and discussed in the following 
subsections.  Note that, in order to reduce the number of plots presented, we introduce 
the %change of a given evaluation criterion (i.e., total logistics cost, energy consumption, and 
PM2.5 emissions) between strategies A(baseline) and B1 and B2( alternatives):  

%change = [Baseline (A) - Alternative (B1 or B2)]/Baseline (A) 

A positive number means A has a higher value than B1 or B2.  

4.1 Long-haul distance cost  

4.1.1  With Fixed UCC Location 
The long-haul distance is assumed to vary between 50 miles and 500 miles with the average 
distance from UCC to the study area of 30miles.  In Strategy A (Figure 7a), the stationary cost is 
constant but the motion cost increase linearly with the long-haul distance, leading to a linear 
increase of the total logistics cost. In the UCC strategies B1 and B2 (Figure 7b and Figure 7c), all 
cost components increase nonlinearly with long-haul distance and at a faster rate than in Strategy 
A.  In strategies B1 and B2, vehicle miles traveled is presumed being saved over A.  As the long-
haul distance increases the saving of motion cost in UCC is reduced.  When the UCC terminal 
cost exceeds the reduced saving in the motion cost, UCC strategies become less appealing than A.  

Figure 8 gives the % change in energy consumption (Figure 8a) and PM2.5 Emissions (Figure 
8b). The blue line plots the difference between strategies A and B1, and the red line shows the 
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difference between strategies A and B2. The blue line is a convex one with the long-haul 
distance.  It shows that B1 almost always generates higher energy consumption and PM2.5 
emissions and the difference reaches the maximum point when the long-haul distance is around 
150miles.  On the other hand, B2 seems to always provide energy and emission benefits over A.  

 

Figure 7 Cost as a Function of Long-haul Distance 

 

 
Figure 8 Energy Consumption and PM2.5 Emissions as a Function of Long-haul Distance. 
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Figure 9 compares the overall cost under two different UCC terminal operation costs.  Figure 9(a) 
shows the total logistics costs, calculated with an assumed base terminal operation cost presented 
in Table 3.  Figure 9(b) shows the total logistics costs calculated using the terminal operation 
cost that is twice the base one used in Figure 9(a).   

When the long-haul distance is relatively short, Strategy B1 has the lowest total logistics cost 
among the three.  However, beyond around 200 miles, Strategy B1 has higher cost than Strategy 
A, suggesting the limit in the long-haul distance for Strategy B1 to be appealing in terms of total 
logistics cost. When the terminal operation cost is low (in Figure 9(a)), the UCC strategies bring 
overwhelming cost benefits in the entire long-haul distance range considered here (i.e., 50-500 
miles). This analysis illustrates the critical importance of terminal operation cost. A sensitivity 
analysis involving the terminal operation cost is presented in section 4.5.  

 
Figure 9 Total Logistics Costs under Different UCC Terminal Costs. 
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Figure 10 shows that the total logistics costs for both Strategies B1 and B2 increase with long-
haul distance as well as the distance ratio, suggesting that moving the UCC location closer to the 
suppliers would reduce the total logistic cost. 

  

Figure 10 Cost as a Function of Long-haul Distance and UCC Location. 
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Figure 11 Energy consumption as a Function of Long-haul Distance and UCC Location. 

 

Figure 12 PM2.5 emissions as a Function of Long-haul Distance and UCC Location. 
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Figure 13, both motion and stationary costs increase as the number of suppliers increases.  
Furthermore, the total logistics cost increases at a higher rate in A than in B1 and B2, indicating 
that as the number of suppliers increases the benefit of using UCC becomes greater. This is 
because the customer demand is split into smaller drop sizes when the number of suppliers is 
large, and more delivery tours from suppliers are made, increasing the truck VMT in the city.  By 
switching to the UCC strategy, some of the tours are combined into a larger drop size, reducing 
the truck VMT and lowering the total logistics cost. 

 

Figure 13 Cost as a Function of Number of Suppliers 
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Figure 14 Cost as a Function of Number of Suppliers and Customers 

 

Figure 15 shows that Strategy A saves more energy than Strategy B1 (or B2), and the saving 
increases as the number of customers decreases and as the number of suppliers increases.  
Similar findings for PM2.5 are shown in Figure 16. 

  

 

Figure 15 Energy consumption as a Function of Number of Suppliers and Customers 
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Figure 16 PM2.5 emissions as a Function of Number of Suppliers and Customers 

4.3 Cost as function of customer density  
This section tests the cost sensitivity to customer density per square mile (Figure 17).  In 
Strategy A, both the motion cost and the stationary cost (and therefore the total logistics cost) go 
down, at a decreasing rate, as customer density increases.  In Strategies B1 and B2, when the 
density is low, the total logistics cost increases initially as customer density increases mainly due 
to the increase in the stationary cost; after a certain break point around 0.8 customers per square 
mile, the total logistics cost decreases.  So do stationary cost and motion cost.  This indicate that 
UCC strategy may reduce the total logistics cost in urban areas with a high customer density. 

 

Figure 17 Cost as a Function of Customer Density 
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In terms of energy consumption and PM2.5 emissions, both B1 and B2 are lower than A 
(indicated by the positive values in Figure 18).  However, the differences decrease, at a 
decreasing rate, as the customer density goes up.   

 

Figure 18 Energy consumption and PM2.5 emissions as a Function of Customer Density 
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Figure 19 Cost as a Function of Customer Demand Rate 

 

Figure 20 Energy consumption and PM2.5 emissions as a Function of Customer Demand 
Rate 

 

0 500 1000 1500 2000 2500 3000 3500
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
(a)Strategy A

demand at customers(lbs/day)

co
st

/it
em

 ($
)

0 500 1000 1500 2000 2500 3000 3500
0

0.2

0.4

0.6

0.8

1

1.2

1.4

demand at customers(lbs/day)

co
st

/it
em

 ($
)

(b)Strategy B1

0 1000 2000 3000 4000
0

0.2

0.4

0.6

0.8

1

1.2

1.4

demand at customers(lbs/day)

co
st

/it
em

 ($
)

 

 
(c)Strategy B2

Total logistics cost Motion cost Stationary cost

0 500 1000 1500 2000 2500 3000 3500
-2

-1.5

-1

-0.5

0

0.5

1
Energy Consumption change

customer demand(lbs/per customer)

pe
rc

en
ta

ge
 c

ha
ng

e

0 500 1000 1500 2000 2500 3000 3500
-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
PM2.5 Emission Change

pe
rc

en
ta

ge
 c

ha
ng

e

 

 

customer demand(lbs/per customer)

Strategies A and B1 Strategies A and B2



54 
 

4.5 Cost sensitivity to customer rent cost and UCC terminal operation cost 
As already discussed earlier in the report, the advantage of UCC over traditional delivery largely 
depends on the UCC terminal operation cost.  UCC terminal operation cost may be influenced by 
the government policy towards UCC.  For example, if the government subsidizes the UCC 
operation cost then the cost burden is shifted from the suppliers, the shippers and the receivers.  
UCC terminal operation cost may also depend on its location.  For example, it is generally 
cheaper to have the UCC located outside of urban core areas where land is scarce. Additionally, 
the rent cost for the customers will play an important role by shifting the balance between motion 
cost and stationary cost.  

When the customer rent cost varies from 0.4 to 4.5, representing the differences among urban 
regions like San Francisco and Manhattan, and the terminal operation cost varies from 0.2 to 20 
times of typical base value, we find that the total logistics costs for UCC strategy increase with 
both the customer rent cost and the terminal operation cost (Figure 21a).  Furthermore, when the 
rent cost is high and the terminal cost is low, the UCC strategies result in lower costs than 
Strategy A (Figure 21b,c).  The reason is that by providing more frequent service to reduce the 
maximum accumulation in the customer facilities, the stationary cost components are lower in 
the UCC strategies. Otherwise, it may be more economical to choose Strategy A.  Figure 21d 
shows that under low customer rent cost and high terminal operation cost, it is better to 
coordinate the shipments at UCC. Otherwise, the non coordinated delivery would be better off.   

 

Figure 21 Effects of UCC Terminal Operation Cost and Customer Rent Cost 
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Interestingly, in terms of energy consumption and PM2.5 emissions, B1 seems to be almost 
always doing better than Strategy A, while B2 is better off than Strategy A only when high 
customer rent cost is achieved.  

 

Figure 22 Energy consumption of UCC Terminal Operation Cost and Customer Rent Cost 

 

 

Figure 23 PM2.5 emissions of UCC Terminal Operation Cost and Customer Rent Cost 
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4.5 Cost as a function of vehicle capacity 
Consider the following scenario: suppose vehicles used for inbound and outbound shipments in 
the UCC strategies may be of different sizes.  To simplify the problem without lost of 
generalization, we assume that one size vehicles are used for inbound shipments and the size 
vehicles are used for outbound shipments in the UCC strategies.  Furthermore, vehicles in the 
direct delivery strategy are of the same size as the ones for outbound shipments in UCC.  Let the 
ratio of inbound to outbound vehicle capacity vary from 0.2 to 2.4, representing vehicles from 
passenger car to big semi long-haul trucks.  Further let the ratio of inbound distance to outbound 
distance vary from 0.2 to 100, which reflects the location of the UCC facility relative to the 
suppliers and the customers. 

The result shows that B1 always seems to out-perform B2 in terms of total logistics cost 
regardless of the vehicle size or the UCC location, as illustrated in Figure 24(a). The difference 
becomes smaller when the inbound vehicle is larger, and is not affected by the UCC location. 
Additionally, the total logistics costs of strategies A and B1 are compared and shown in Figure 
7(b).  It shows that B1 is almost always cost less especially when the inbound distance is large, 
regardless of vehicle size. 

  

Figure 24 Cost as a Function of Inbound Vehicle Capacity and UCC Location 

5. CONCLUSIONS 
This research analytically examines the effectiveness of urban cooperative delivery (B1 and B2) 
in terms of monetary cost, energy consumption and PM2.5 emissions, compared with the direct 
delivery strategy (A).   

In general, it is found that the total logistics cost of direct delivery increases more slowly with 
increase in long-haul distance than that of the UCC strategies, and the tipping point is at the 
long-haul distance of 200 miles.  That means direct delivery strategy becomes more cost 
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effective beyond that distance.  Similarly, moving the UCC location closer to suppliers would 
reduce the total logistic cost.  On the other hand, the study shows that UCC without coordination 
(B1) almost always generates higher energy consumption and PM2.5 emissions and the 
difference reaches the maximum point when the long-haul distance is around 150miles, whereas 
UCC with coordination (B2) seems to always provide energy and emission benefits over 
strategies without UCC (A). 

Greater economic scale (i.e., higher numbers of customers and suppliers) also tends to cut the 
total logistics cost of UCC strategies.  However, the benefit becomes less when the scale, 
especially the number of customers, is reduced.  Interestingly, our analysis shows otherwise for 
energy consumption and PM2.5 emissions. That is, Strategy A saves more energy and emits less 
PM2.5 than Strategy B1 (or B2), and the saving increases as the number of customers decreases 
and as the number of suppliers increases.  

Furthermore, the benefits of UCC strategies become significant when the customer rent cost is 
high and UCC terminal operation cost is low, which makes UCC strategies more attractive.  It is 
also worth pointing out that when considering the UCC strategy, if the UCC terminal cost is high 
and the numbers of suppliers and customers are imbalanced (i.e., too many suppliers serving too 
few customers or vice visa), coordination among the inbound and outbound trips seems 
inevitable to cut down the cost.  Interestingly, in terms of energy consumption and PM2.5 
emissions, B1 seems to be almost always doing better than Strategy A, while B2 is better off 
than Strategy A only when high customer rent cost is achieved. 

Cooperative delivery via UCC may also provide flexibility in vehicle size to meet city ordinance 
about truck size, curfew and environmental issues.  For example, the inbound trips may be 
carried out by large trailer trucks without urban restriction on parking space and curfew.  In the 
outbound portion, electrical vehicle may be a good vehicle choice because the serving radius 
limitation is of little problem and the UCC facility can be used for charging station as well as 
other value added service.  And it reduces the vehicle emissions. Moreover, considering the 
policy option of congestion pricing and other truck restrictions in the urban areas, cooperative 
delivery may become an even more appealing option for its flexibility and reliability, which may 
bring significant savings especially to the receivers.  

It must be pointed out that the above findings should be understood and interpreted within the 
study assumptions.  In Kawamura and Lu (2007), they suggested that it would not be feasible to 
introduce UCC in the US context, by examining the shoe supply chain.  Because of the different 
industry, different assumptions on market penetration and a wider range of variable values are 
incorporated to represent more types of urban areas compared to Kawamura and Lu (2007), our 
results reveal that under certain circumstances, it is possible to achieve the monetary benefits 
along with the social benefits by using cooperative delivery in the US.   
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Even though the analyses were conducted for the delivery of non-perishable grocery, the 
methodology can be applied to other commodities which share similar attributes to non-
perishable grocery.   

For future study, more complex consolidation schemes (e.g. schemes that do not require city 
terminal) and distribution channels (e.g. direct delivery from warehouse to home) under various 
urban freight policies and customer preferences will be incorporated in the model formulation, 
such as congestion pricing, night time delivery, alternative fuel vehicles in the UCC strategies 
and carbon cap and trade.  Additionally, the case in which the customers are neither identical nor 
uniformly distributed spatially and temporally will be considered.   

Furthermore, a total generalized cost will also be considered, which includes the logistics cost 
and the environmental costs (energy consumption and emissions) jointly to optimize the last mile 
delivery problems.  And lastly, it is of our interest to implement the model framework to the real-
world freight operation.  
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