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Abstract

:

Today, there is a great need for greener urban freight transportations due to their ever-increasing environmental impact. The planet’s climate has been significantly affected as the temperature is constantly rising and extreme weather events are occurring more and more often. Aiming to reduce the environmental impact of freight transportation in urban areas, an advanced vehicle routing and scheduling system for improving urban freight transportations, has been developed. This paper presents the functionality of the advanced system, while also analyzing its subsystems and demonstrating its use in a case study. The system is provided as an integrated cloud-based software to support the needs of logistics companies, in order to efficiently schedule their deliveries and perform the routing of their vehicles. The utilized multi-objective algorithm produces solutions that minimize either the distribution cost or the environmental emissions or a combination of these parameters. An application of the system is performed for validation purposes, concerning the comparison of the system’s results with corresponding real-life data provided by a medium-sized logistics company. The results of the testing reveal its significant contribution to the reduction of the environmental impact of the company’s distribution services.
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1. Introduction


The change of people’s way of life over time has resulted, in a relatively short period of time, in the great increase of the population of the cities. At the same time, the population of rural areas has greatly decreased. This, of course, has dramatically increased the need to distribute goods in and out of urban areas. A fleet of trucks of smaller or larger capacity is required to carry out this transportation. However, the large number of these trucks circulating in urban areas has exacerbated the already heavy traffic load due to private vehicles and public transport that serve the transportation of citizens [1]. Along with the rapid growth of urbanization, big cities have attracted a lot of interest because they help increase productivity in a country’s economy. Following the trend of growing urban populations and developing urban areas, the number of businesses and industries that move to urban environments and are located in metropolitan areas is continuously increasing [2]. In addition, the population in cities is demanding and consuming an ever-growing volume of goods. This has resulted in an increasing need for goods to move in and out of cities in a sustainable and efficient way, especially in large cities and, according to many research studies, this is going to be one of the main challenges faced by humanity in the near future [3,4].



Urban freight transportation is a key part of the traffic problem that exists in cities, which is directly related to the quality of life of consumers both in terms of time and cost of travel (urban transportation) but also in terms of ensuring availability and quality of goods in stores (freight transportation). The management of urban freight transportation involves many parts, including producers, traders, distributors, logistics companies, storage companies, transportation companies, and ultimately consumers [5]. The end result is that, in most cities, daily traffic congestion is created which is a major problem for urban freight transportation which represents the last mile in the modern supply chains. Unfortunately, this situation is constantly deteriorating despite efforts to address it. In fact, various researchers have proposed emission minimization-focused algorithms, but none of them have been applied in a vehicle routing and scheduling software [6,7,8,9].



The ever-increasing urbanization, and especially the need to supply cities, has led to a number of problems, the most important of which are [2,4,10,11]:




	
The increase in transport costs due to more fuel consumption and possible increase in labor costs.



	
The use of a larger number of smaller vehicles, due to the small width of roads within cities, as the regular flow of deliveries must be maintained despite congestion, especially during peak hours.



	
The low reliability regarding the timely and generally smooth distribution of goods.



	
The significant contribution of transport to the increase of environmental pollution, including the increase of the greenhouse effect.



	
The noise pollution from the operation of the heavy engines of the trucks having as a consequence the, in many cases, daily annoyance of the locals. Unfortunately, only a few European cities, thanks to the existence of historic centers, have provided areas of pure residence where the passage of vehicles is prohibited.



	
The obstruction of the movement of other public or private vehicles, especially when deliveries are made during the day and in places where the roads are quite narrow.








In fact, transport is responsible for almost 30% of total carbon dioxide emissions in the European Union, of which 72% comes from road transport. Of this percentage, 60.7% comes from pollutants emitted by cars, 11.9% from light trucks, 26.2% from heavy vehicles, trucks, and buses and 1.2% from motorcycles [12]. In addition to road transportation, there are also various other sectors that are greatly responsible for CO2 emissions, such as construction, manufacturing, and air and sea transportations [13,14,15,16]. However, in most of these sectors, it is way more challenging to reduce CO2 emissions compared to the road transportation sector as the needed measures are more costly and difficult to enforce. Therefore, in this research we have focused on reducing the CO2 emission of road transportation by developing an advanced vehicle routing and scheduling system for reducing environmental emissions. The analysis of these data has led the leaders of the European Union to set strict limits on emissions to the car industry and in case of non-compliance to impose severe fines, which in many cases exceed two billion euros. The European Union aims to reduce transport emissions by 60% by 2050 from 1990 levels [17]. The world’s population is growing by about 81 million people a year, according to the World Bank, which is directly reflected in consumption and mobility needs [18]. In addition, the volume of road transport will increase by 300% by 2050 in Eurasia [19].



The combined effects of these problems are economic and social, to the extent that they not only reduce the efficiency of urban freight transportation but also increase its cost, while reducing the quality of life of citizens and causing a serious impact on their health. Given that the vast majority of consumers of final products are located in urban areas, the need of effective urban freight transportation with the aid of advanced systems, such as vehicle routing, delivery scheduling, warehouse management, waste collection, recycling, and reverse logistic systems, demands increased attention. Optimizing road transport through the development of digital tools and processes will drastically reduce costs and emissions, while trucks will no longer remain at the border for long periods of time. Utilizing the potential of advanced vehicle routing and scheduling systems, with the use of multi-objective algorithms that can be adjusted to minimize emissions or distribution costs can lead to a significant improvement of the distribution services of logistics companies. However, closer cooperation is needed with all stakeholders to take advantage of the use of such transportation systems.



It is, therefore, obligatory for regulatory pressures, such as the ones set by the European Union (EU) to be imposed in the form of specific measures by the authorities on the various supply companies, such as rules relating to the establishment of lanes and timetables, the level of emissions from trucks, the conditions for access to roads companies can also use the location of terminals. Such strict policies, as the ones that are being set by the European Union, are beginning to be applied worldwide aiming for a great reduction of the environmental impact of urban freight transportation. Most of these policies are set on a strategic level and include the presentation of the current situation, its comparison with future goals that they set, and, finally, a demonstration of measures that need to be taken in order to achieve the goals. As technology rapidly evolves, these strategic policies may be further aided by the use of advanced systems as humanity can be aided by advanced tools that can facilitate daily tasks. In fact, today, we are in the era of digital transformation where cities are becoming increasingly smart, and many complicated activities can be simplified with the use of advanced systems and methods [20,21]. All of these facts create a great opportunity for reducing the environmental impact of daily activities, especially those activities that have a huge impact, such as urban freight transportation.



The scheduling of deliveries and the routing of vehicles has been and continues to be an intractable problem to this day. This problem is of great importance for businesses because, on the one hand, it affects the cost of distribution and therefore the overall business performance and on the other hand, many companies are becoming more environmentally sensitive and interested in lowering their environmental footprint. However, the task of vehicle routing and scheduling is not always an easy task. On the contrary, it can become very complicated as various factors and parameters need to be taken into account when performing vehicle routing and scheduling. To perform this task, researchers, for many years, have studied the Vehicle Routing Problem (VRP) and its variations.



According to the research of Konstantakopoulos et al. (2020) [22], among the variants of the VRP that are most commonly addressed by researchers and practitioners, are the time windows (VRPTW) and the simultaneous pickups and deliveries (VRPSPD). Concerning the VRPTW, customers indicate a time slot in which the vehicle may start serving the customer. On the other hand, in the VRPSPD, in every stage of the distribution, the goods on board cannot exceed the vehicle’s capacity; thus, pickups and deliveries are only permitted when there is available space. These two variants are the ones that we focus on in the current research, as they cover the needs of most logistics companies. In addition to these two variants, several other static parameters, such as other variants of the VRP, as well as other dynamic parameters, may be considered and, therefore, increase the complexity of the route scheduling process.



It should be noted that there is a research gap and also absence of targeted algorithms and tools for vehicle routing and scheduling software in urban areas with these areas being, in fact, the ones that are mostly polluted by road transportations. Additionally, the vast majority of the available tools only focus on the reduction of the service cost without taking into account the environmental impact of the activities. There have been various studies that clearly demonstrate both the economic and environmental impacts of urban freight transportation, and it becomes clear that, today, more than ever, there is a great need for reducing their environmental impact [23,24]. The planet, as noted by many scientists, is revenging on us and is getting increasingly warm due to the greenhouse gas emissions, while humanity also has to deal with more frequent extreme weather phenomena.



At the same time, city logistics companies, operating in urban areas and in a highly competitive environment, have to manage many conflicting delivery scheduling goals, such as lower delivery costs, higher customer satisfaction, compliance with laws and regulations, and lower environmental impact. In fact, city logistics, being the means over which freight distribution can occur in urban areas, require the efficient movement of urban freight, while at the same time mitigating externalities that may jeopardize the achievement of their objectives. City logistics are strongly related but not limited to urban freight transportation, as it is one of their key activities, but also provide a plethora of services for efficient movement of goods from production to consumption. In addition, in urban areas, where city logistics take place, strict time constraints apply and the data change dynamically and, therefore, the routing of vehicles and the scheduling of deliveries becomes even more challenging, especially when the environmental impact parameter is involved. Transportation and distribution of products are some of the most important activities of city logistics, while, if we also take into account the fact that the largest percentage of logistics costs of a commercial or industrial enterprise is due to transportation and distribution, the importance of vehicle fleet management and optimal routing becomes even more evident.



Therefore, due to the nature of urban freight transportation, the utilization of software and systems tends to become a necessity in order to effectively perform vehicle routing and scheduling tasks. In fact, it has been found that the use of computer systems for vehicle routing and scheduling, especially in cases where more than 10 vehicles are needed, usually leads to cost reductions between 10% and 20% [25]. These reductions can be further increased if utilizing vehicle routing and scheduling algorithms that focus on specific optimization parameters. Finally, it should be noted that besides reducing the cost of the distribution services of logistics companies, computer systems could also focus on other parameters, such as the minimization of the distance travelled and the truck emissions.



Thus, aiming to close the research gap and to contribute on the research field of vehicle routing and scheduling under emission restriction constraints, we developed an advanced system. More specifically, the objective of this paper is to present a vehicle routing and scheduling system developed for reducing the environmental impact of urban freight transportations. For this reason, the functionality of the system is presented, and a case study of its application at a medium sized logistics company is analyzed. In the remainder of the paper, we present our solution for achieving reduced environmental emissions in urban freight transportations. More specifically, Section 2 presents the system our team developed, as well as its architectural elements and its functionality. Afterwards, Section 3 presents our case study concerning an application of the developed system, for validation purposes, concerning the comparison of the system’s results with corresponding real-life data provided by a medium-sized logistics company. Finally, Section 4 is the conclusions section of our paper where we discuss the results of our research, we indicate the research and the system’s limitations, and, finally, we present our future goals.




2. The Urban Freight Transportation System


To achieve more effective and less pollutive urban freight transportations, an advanced system for vehicle routing and scheduling has been developed in the context of a research project co-funded by Greece and the European Union. This system operates in a cloud environment and it is offered as a service to potentially interested companies in order to efficiently plan their deliveries and perform the routing of their vehicles based on various parameters, such as time-windows, distribution costs, and environmental emissions. The system uses advanced methods to solve vehicle routing and scheduling problems, taking into account a plethora of constraints [26,27]. The main goal, however, in the research project’s context, is to minimize the environmental impact of urban freight transports. Therefore, the novelty of the system is that can be used by city logistics companies to facilitate their distribution tasks as it provides them with all needed tools for an efficient movement of goods, while also mitigating externalities, such as strict time windows, distribution costs, and emissions.



The system solves the static routing problem, where deliveries are scheduled to meet the delivery times requested by customers, taking into account traffic congestion data and using forecasting methods and speed models. It also solves the dynamic routing problem, where deliveries are dynamically scheduled and routes are recalculated based on real-time traffic congestion data provided by online services that use knowledge-based methods to collect, analyze, and configure data.



A set of metaheuristics algorithms addressing the vehicle routing and scheduling functions were initially evaluated and different traffic congestion avoidance strategies were considered to calculate the best delivery schedules and optimal routes for both of the aforementioned alternatives [22]. In addition, in order to accurately calculate transit times on urban road networks, urban expressways and road networks leading to urban areas, various forecasting methods and forecasting techniques were evaluated, aiming to select the most efficient ones that could be applied to the system [28]. Finally, a set of multi-objective metaheuristic algorithms were integrated into the system to solve both the static and the dynamic versions of the problem. The different vehicle routing and scheduling results that may be created by the system, based on the objective the company decides to focus on, can be seen in Section 3 of this paper, which presents a cost minimization, as well as an environmental emissions minimization scenario.



2.1. System’s Architecture


The system operates in a cloud environment, including all the main elements shown in Figure 1.



It is essentially an advanced system for the routing of vehicles and scheduling of deliveries in urban areas, operating in the cloud and taking advantage of cloud computing. The users of the system can be logistics companies or even other companies that offer goods distribution services in urban areas. The system’s functionality and the incorporated algorithms can assist companies to effectively schedule their deliveries and supports the creation of greener distribution services, as routes are calculated taking into account the CO2 emissions of the various plans. The main elements of the system are the data management subsystem, the routing and scheduling operations subsystem, and the algorithms management subsystem. In addition, the system has a graphical user interface (GUI) for the planner (the person who is responsible for the preparation of the delivery plans) and a user interface for the drivers (the persons who are responsible for the execution of deliveries). Finally, the technological infrastructure of the system is of great importance, as it includes all the databases, programming languages, and interfaces with companies’ systems and services used for the development of the cloud-based system.




2.2. The Subsystems


The system includes three subsystems, as presented in Figure 1.



	
Data Management Subsystem






It comprises all the data that are necessary for the operation of the system, i.e., master data (drivers, depots, vehicles), deliveries planning data (orders and points of delivery to be scheduled), geographical data (the data used by the algorithms for customer geocoding and vehicle routing), traffic data (the data related with the traffic congestion which are used for traffic forecasting and the calculation of the most effective vehicle routes), deliveries execution data (the result of the algorithms run, the schedules, and routes, as well as the status of the deliveries reported by the drivers), and, finally, emissions data, including all the assumptions and metrics for the calculation of CO2 emission of every route and plan. This subsystem is technically designed to exchange data with the company’s other systems, using appropriate interfaces. More specifically, this system sends all the aforementioned types of data to the algorithms management subsystem for feeding the routing and scheduling, as well as the traffic forecasting algorithms and for calculating the costs and emissions. Additionally, the data management subsystem sends the master, deliveries planning and deliveries execution data to the routing and scheduling operations subsystem in order for it to create the deliveries schedules and the reports. We focused on minimizing CO2 emissions as they are the principal greenhouse gas that is emitted from motor vehicles. Greenhouse gas emissions also include nitrous oxide (6.2%), methane (17.3%), and fluorinated gases (2.1%), but their contribution to the climate change is not as significant as CO2 (74.4%), which accounts for around three quarters of total emissions [29].



	
Algorithms Management Subsystem






This subsystem includes the various algorithms for the vehicle routing and scheduling of deliveries. These algorithms have been developed by our team for the needs of the specific cases (emissions and distribution cost minimization) the system deals with. More specifically, the implemented algorithm for creating the initial schedule of deliveries belongs to the metaheuristics category and, more specifically, is a genetic algorithm (GA) based on the nondominated sorting genetic algorithm II (NSGA-II), proposed by (Deb et al., 2002) [30]. The proposed GA has the ability, to deal with multiple objectives, i.e., cost and environmental emissions minimization. The algorithm is initially fed with a population of solutions (parents) that are combined for creating new solutions (children). In each iteration, the solutions of both sets (parents and children) are evaluated according to cost and emissions, and the best solutions are used as parents in the next iteration.



More specifically, multiple metaheuristic algorithms have been proposed over the years for addressing the variants of the VRP. Initially, taboo search algorithms and Large Neighborhood Search algorithms were implemented and offer high quality solution. Over the years, however, genetic and evolutionary algorithms seem to attract the interest of researchers. Moreover, similar genetic and evolutionary algorithms, which consider the same variants with the current research, have been developed by researchers [31,32] and offer optimal solutions in benchmark instances, and that is the main reason that the specific algorithm was selected for integration in the proposed system. On the other hand, exact algorithms were not implemented in our system as they cannot handle routing cases with the amount of logistics companies’ daily orders (more than 800) due to their tremendously increased computational time [33]. Heuristic algorithms, were also excluded, in spite of the minimum computational time needed, as they lose in terms of quality of provided solutions. Therefore, metaheuristics, and, more specifically, genetic algorithms, were the category of algorithms that were selected to be implemented in our system as they offer the best trade-off between solution quality and computational time.



A sample case presenting the way that these algorithms deal with multiple objectives is shown in Figure 2. Such an algorithm is thoroughly presented and analyzed by Konstantakopoulos et al. (2020) [26].



The multi-objective algorithm can offer multiple solutions, which correspond to different plans of routes and schedules of deliveries. The main advantage of the multi-objective algorithm is that each solution can in no case be considered better than the others as for meeting all the objectives. More specifically, when comparing multiple solutions, as shown in Figure 2, a decrease in the one objective (either cost or emissions), is combined with a simultaneous increase in the second objective. Through this approach, and by offering multiple plans, logistics companies have the opportunity to select the solution that better meets their needs. The system’s algorithms are used both for the static version of the problem (Routing and Scheduling Algorithms), as well as the dynamic version of the problem (vehicles rerouting and deliveries ad-hoc reallocation), and receives appropriate data from the data management subsystem. In addition, the system incorporates a traffic forecasting algorithm for traffic congestion and travel times calculations, based on historical data provided by the data management subsystem. Moreover, this subsystem includes the emission calculation methods, based on vehicle types, traveling hours, waiting hours, and vehicle speeds that are provided by the data management subsystem. The calculation of emissions can assist the decision of the final plan that reduces transportation costs and CO2 emissions. Finally, the algorithms management subsystem sends the results that occur from running the algorithms to the routing and scheduling operations subsystem in order for it to create the deliveries schedules and the reports.



	
Routing and Scheduling Operations Subsystem






It includes all the operations used by the system’s users in order to effectively prepare the routes and schedules, while also taking into account the minimization of total transportation cost, as well as the minimization of environmental emissions. This subsystem uses all the appropriate data from the Data Management Subsystem and also calls appropriate algorithms from the Algorithms Management Subsystem. Essentially, it functions based on the functionality for static and dynamic routing and scheduling, which is presented in Section 2.3.




2.3. System’s Functionality


Using the developed advanced vehicle routing and scheduling system, companies can upload data related to the orders (delivery points, delivery times, time windows, etc.), as well as data related to the fleet (drivers, vehicles, capacity, etc.). The system can then combine the above with historical traffic data. The use of historical data leads, in the first phase, to a statistical estimation of traffic and also enables the routing of vehicles and the creation of the initial delivery schedule. This original schedule is then returned to logistics companies and ends up in the navigation devices the company vehicles are equipped with.



Therefore, after the initial schedule has been created, the transfer of products from logistics companies to customers is able to begin. However, during the delivery to the server of the logistics company or even during the execution of deliveries, new data may arrive and require modifications to the routes of the vehicles. These data can be order cancellations, time window changes, vehicle mechanical failures, and unexpected out-of-company events, such as real-time traffic problems or even extraordinary weather conditions, that can occur while driving. In this case, and only when necessary, the system can implement rerouting and update the navigation devices used by the drivers, so that the respective driver can change either his course or his delivery plan. Thus, based on the above, it becomes clear that the system needs to be able to receive both static and dynamic data to process them and, if necessary, decide to perform changes in the delivery plan.



Concerning the static vehicle routing and scheduling, the system creates vehicle routes based on the original delivery schedules taking into account constraints, such as time windows and road accessibility. These restrictions should not be violated and planning should be done in parallel with truck routing. Static routing uses geographic data, such as maps and a road network, from data providers. Concerning the dynamic vehicle routing and scheduling, the system creates new routes and reschedules deliveries each time the system user (company) reports a problem or a schedule change is required. For the dynamic routing, the real-time position and the current state of each vehicle is monitored by receiving their position from the truck global positioning systems (GPS). Additionally, real-time data about road traffic, road blocks and the position of other vehicles in the transport network are provided by a traffic data providing company whose application programming interfaces (APIs) have been integrated into the system. Finally, the system dynamically checks the feasibility of routes, as well as possible violations of time windows, depending on the condition of the trucks and the traffic congestion.



Figure 3 represents the main workflow of the system’s functionality that has been analyzed in this Section.



The way the system works is by creating an initial schedule of deliveries and then make changes when needed. Initially the company imports deliveries data, and the system calculates the distance and time matrices of all delivery points. In the next step, the system creates various deliveries plans and enables the selection of the most appropriate one based on the selected objective (cost or emissions minimization). The distribution cost and the CO2 emissions are calculated for every proposed delivery plan and the company can then select the plan that better fits its needs. Distance, vehicle loads, and time windows are also taken into account by the vehicle routing and scheduling algorithm and the CO2 emissions are calculated based on Equation (1) in Section 3 of this paper. Finally, after selecting the appropriate plan, the outcome is visualized on maps and the execution of deliveries is able to begin. All the aforementioned steps are part of the initial static routing of vehicles. However, during the execution of deliveries, in case there are problems, such as order cancelations, road blocks, or other extraordinary events, a rerouting service may be needed in order to reschedule the deliveries. Therefore, the system needs to monitor in real time the execution of deliveries and, when needed, perform the dynamic routing and scheduling. This ability of the system to deal with the dynamic vehicle routing problem is essential when dealing with urban freight transportations where extraordinary events are more likely to occur and continuous real-time monitoring and rerouting of vehicles becomes a necessity.



Both the static and dynamic variants of the problem are commonly faced by most of the logistics companies delivering goods in urban areas, and the effective solution of the problem is crucial for their effective and efficient distribution operations. Cost reduction is not the only objective of the system as the CO2 emissions reduction is also taken into account by the planners, in order to make their decisions for the daily routes and schedules. Utilizing tailor-made algorithms and advanced functionality, the system can help companies to deliver the orders in the most cost-effective way, while at the same time ensuring that the routes are planned in such a way as to ensure sustainability, environmental friendliness, and the least possible impact on the microclimate of cities.





3. Case Study: An Application of the UFT System at a Medium-Sized Greek Logistics Company


Aiming to validate whether the developed advanced vehicle routing and scheduling system offers added value to logistics companies’ services, the system was tested in real-life conditions. Therefore, we contacted a well-known medium-sized logistics company and, after showcasing the system’s functionality, we agreed to demonstrate and tests the system, using real-life orders of the company. The selected company operates in Greece and is an active distributor of a variety of products. It is a rapidly growing medium-sized enterprise in the peripheral unit of the city of Thessaloniki. The distribution center is located in privately owned facilities of 2600 sqm in the Nea Redestos suburb of Thessaloniki.



More specifically, the products that the company distributes belong to the field of tobacco, food and beverages, novelties, cosmetics, supermarket, and telecommunication products, thus facilitating its customers who now only need to turn to a single supplier to meet most of their needs. The company has for sale more than 3000 different products and serves a total of 1280 customers, with about 800 orders served on a daily basis. The company executes deliveries 324 days a year, and its policy is to execute its orders on the same day they are placed. The way the company creates its daily delivery schedules is a result of years of experience in the field of logistics services. The company was founded in 1947 and, for many decades, operated as a small tobacco sales station in the eastern suburbs of Thessaloniki. In 1993, the company set out a new strategy to expand the provided services, increasing its clientele, as well as its distributed products. Afterwards, in 1997, the company built larger and more functional warehouses in Nea Redestos, Thessaloniki, and moved its headquarters there. This is also the current location of the company’s warehouses.



Essentially, based on the years of experience it has, the company creates its deliveries by evaluating its needs and utilizing the existing knowledge on the issue of vehicle routing and deliveries scheduling. As such, the company has divided the entire city of Thessaloniki, as well as some of the areas around it, which are included in its distribution network, into 18 zones. Based on these zones, that are presented in Figure 4, the company manually calculates its daily delivery schedules.



More specifically, each morning, the customer service team of the company gets into contact with the customers and receives their daily orders. Once the order is registered, the pricing, collection and routing procedures proceed. Concerning the routing procedure, each time an order is placed, the postal code of the customer is searched, and, based on where the customer is located, the order is categorized in a specific delivery pool. Then, when all of the daily orders are collected and categorized, the delivery scheduler starts the creation of the delivery routes by adding 3 to 5 orders per route taking into account the zones, the capabilities of the vehicle fleet, e.g., available trucks, drivers, truck capacities, and time windows.



Therefore, if an order cannot be added into a specific route due to its size, the delivery scheduler needs to find another zone that is close to the zone of the order and makes an effort to add it into a route from that specific zone. In addition, some of the areas are included in more than one zone due to their size. It becomes clear, however, that this method of vehicle routing results in a not optimal execution of the deliveries, as well as a not very efficient utilization of the trucks and drivers of the company.



It is obvious, however, that since the company enables customers to receive the order within just a few hours from the moment of its placement in the system, there are several difficulties in what has to do with the distribution of products. With this company policy, the problem of storage and availability of funds is essentially transferred from customers to suppliers. In fact, the increasing frequency of orders leads to a reduction in their size, thus changing the collection process from complete units (e.g., pallets) to smaller units (e.g., pieces) while also creating a need for more deliveries and smaller time windows. In addition, as the company does not have an advanced vehicle routing and delivery scheduling system, delays, unnecessary routes, and inefficient utilization of the vehicles’ payload are often observed. Of course, all this ultimately leads to a significant environmental impact from the distribution processes as the company’s vehicles move for much longer time periods and emit a significant amount of air pollutants.



Moreover, a scenario of even greater complexity is created in cases of distributing fragile, luxury or also large-size items, that are in fact a significant amount of the products offered by the company. These types of orders are commonly needed to be prioritized and, in many cases, create problems to the scheduling and execution of the delivery routes. At the same time, due to living in an economic period where, for reasons of liquidity and security, small points of sale maintain minimal stocks, the delivery of orders with delays or errors creates serious problems and friction points with the customers. Therefore, aiming to reduce the environmental impact of its activities and in general improve the offered distribution services in order to achieve higher customer satisfaction and more efficient operations, the company decided to test the advanced vehicle routing and scheduling system we developed. Specifically, the company provided us with real-life data of a specific day, presented in two data sheets with the first one presenting order data and the second one with real-life data that were generated based on the execution of the day’s deliveries and can be seen in Table 1.



The system was then utilized on a pilot basis for the vehicle routing and scheduling of these specific orders. In order to feed data to the system, we utilized Table 1’s order data that were provided by the company. More specifically, we created a data sheet based on those data and uploaded it to the system’s server. We could now visualize all the delivery addresses on the map and locate each and every order’s address, as seen in Figure 5. In addition, we could also click on any order address and view the order’s information, including the customer code, the delivery time window, the total weight, and the volume of the order (Figure 5). Having the ability to visualize all the daily orders on map could be very useful for the vehicle routing and scheduling. In fact, even if not willing to use our software for the routing of vehicles, the logistics company could perform its existing method of routing in a way more efficient way. Potentially, the company could deliver the exact same orders within less routes achieving a greater fleet utilization and reducing the environmental impact of its deliveries. At the same time, in case of unpredicted road events, such as road accidents, roadblocks, extreme traffic congestion, or even order cancelations, the company could utilize the map visualization service of our system and be able to view the order points and their related data on the map and decide whether specific orders need to be canceled or delivered via other routes.



All these valuable aids of the map visualization service of all the daily orders and the data related to them become even more beneficial when considering that the delivery scheduler of the company needs to deal with more than 800 orders on a daily basis. This huge amount of orders needed to be delivered essentially makes the created delivery schedule, very inelastic. Therefore, the added value of the visualization service of our system could potentially lead to the easier overcoming of any problems occurring during deliveries.



After the visualization of the orders on map, we used the routing service of our system in order to perform the vehicle routing and scheduling. The system created a full delivery schedule for the orders to be delivered in the same day and assigned them to specific routes. As we can see in Figure 6 (top-left part), which presents 3 of the created routes, the system has assigned a specific vehicle (plate number), a specific driver (driver name), and has also calculated the total distance needed to be traveled in order to deliver the orders. Additionally, the system presents us also with the suggested route start time and the total number of orders included in the route. We can also observe that each route has been assigned with a different color (Figure 6—top part) and also that, by clicking on one of the routes, we can get additional information about it. More specifically, we can see the delivery points on map, as well as the order code, the customer name, the time window, the address, the estimated time of arrival, the weight, the volume, and the delivery status of each order (Figure 6—bottom-right part).



The system also enables the company to make any required changes, when needed. For example, if one order is canceled the company can click the check box next to the specific order and remove it from the scheduled route. Additionally, if unpredicted events occur, the company can move an order to a different vehicle route or even, if needed, recalculate some of the routes. This added flexibility of the delivery schedule is extremely important for companies that mainly have to deal with a huge amount of daily orders and highly unpredictable events. Most notably, in cases of roadblocks, road accidents or situations with extreme traffic congestion without the use of the vehicle routing and scheduling system, some products included in the order would have been returned to the company’s warehouse since their deliveries could not be executed. This would happen as the method used by the company is not flexible and does not utilize real time data, and, at the same time, a new routing of the vehicles would be very time consuming; thus, the orders would not be able to be sent within the time windows.



However, the use of the vehicle routing and scheduling system would enable a quick creation of a new routing schedule of the deliveries while also taking into account the road blocks or the traffic congestion in real time. Therefore, all orders would be successfully completed, and the environment would not be burdened by unnecessary unsuccessful vehicle routes.



Finally, we performed various calculations based on the results generated with the use of the vehicle routing and scheduling system, by setting it to minimize the environmental emissions. We then decided to compare these results with the corresponding results of the real-life data, as seen in Table 2, in order to evaluate the effectiveness of the vehicle routing and scheduling system.



As seen in Table 2, having implemented the advanced routing system for the same number of orders, we found out that its use presented a plethora of improved results, and, if it had been originally used for the vehicle routing and scheduling, it would have been highly beneficial for the company. More specifically, the same number of orders could have been delivered with 8.6% less routes, 18% less service time, and 21% less kilometers per route. In addition, the time needed for the routing of vehicles is extremely reduced (95.3%) and could enable a more flexible delivery schedule. All these factors could greatly improve both the quality of distribution services offered by the logistics company, as well as the customer’s satisfaction.



Furthermore, besides improving the efficiency of deliveries and increasing customer satisfaction, the use of the advanced vehicle routing and scheduling system could also have a significant impact on environmental emissions related to the transportation of its products. Specifically, utilizing the data from the real-life execution of the orders, as well as from the system’s results, the daily CO2 emissions of the logistics company’s distribution services were calculated by using Equation (1). This way of calculating the total CO2 emissions is integrated into the routing and scheduling functionality of the system.



For our calculations, we estimated a 20% of empty running truck routes and used the data presented in Table 2. Therefore, the CO2 emission factors are 98.5 for the real-life scenario and 90.8 for the system’s scenario according to Reference [34].


Total CO2 emissions = Number of routes × average transport weight × average transport distance × average CO2-emission factor per tone-km.



(1)







Thus, for the specific day’s orders, according to Equation (1), the CO2 emissions from the distribution services based on the real-life data were calculated to be 20.65 tn of CO2. However, the emissions based on the system’s results were found to only be 15.03 tn of CO2. Therefore, 5.62 fewer tons of CO2 were going to be emitted (27.17% reduction). In an annual basis, assuming 324 working days per year, the use of the routing and scheduling system could result in a reduction of emissions by 1820.88 tons of CO2.



Moreover, in order to present a more real-life scenario that concerns most logistics companies, we also run the system’s vehicle routing and scheduling services by using a second objective for our multi-objective algorithm. We decided to focus on minimizing distribution costs and found out that the emissions, while not as much as in our first scenario that was focused on the minimization of emissions, could once again be significantly reduced. Any company interested in using our system has the ability to choose whether to minimize the distribution costs, the environmental emissions, or even choose another solution that is proposed by the system that tries to balance the aforementioned objectives. The case of minimizing environmental emissions, while not being the most common one, has gained significant popularity amongst logistics companies over the last years as many logistics companies are becoming increasingly concerned about the environmental footprint of their services. At the same time, these companies also want to present a more environmentally friendly image to the public and therefore do not always aim at minimizing their distribution costs but, instead, decide to sacrifice some profit in order to achieve greener operation.



More specifically, the cost minimization scenario resulted in the creation of 176 routes with an average vehicle load of 11.979 tons, an average travelled distance of 95.22 km and a CO2 emission factor equal to 84.3. This scenario is the one that mostly meets the needs of logistics companies as most of them aim to minimize their distribution costs while also satisfying the requirements and needs of customers. In this scenario, the emissions based on the system’s results were found to be 16.93 tn of CO2 or 3.72 fewer tons of CO2 based (18.02% reduction). In an annual basis, assuming 324 working days per year, this scenario could result in a reduction of emissions by 1205.28 tons of CO2. Both in the emissions minimization and the cost minimization scenarios, there is a significant reduce of CO2 emissions. In order to more clearly demonstrate the environmental impact of the reduced amount of CO2 emissions, in Table 3, we demonstrate the equivalency of various activities that could result in the same amount of emissions, as well as some activities that would be needed in order to overcome the impact of these emissions [35].



Based on the results of Table 3, it becomes clear that, even in the cost minimization scenario where the focus is not on reducing emissions, there is a significant reduction of the environmental impact of the case company’s distribution activities. This impact can be further reduced when setting the emissions reduction as the objective of the system. In order to demonstrate how significant is the application of our system for a yearly base, we calculated all the equivalents that are presented in Table 3. Based on these calculations, it can be understood that, by only implementing the system to a single company for a period of one year, there is a dramatic reduction in CO2 emissions equaling to the yearly emissions of 357 vehicles or 191 houses. In fact, the tons of waste (562) that need to be recycled in order to achieve the same reduction of emissions is more than the 1/3 of the total daily recycling in Greece [36]. Moreover, the trees needed to be grown for 10 years are equivalent to 100 hectare of olive tree cultivation.



Therefore, it becomes evident that implementing the advanced routing and scheduling system for the logistics company’s distribution services could result in a significant amount of CO2 emissions reduction and, thus, to a way lower environmental impact of its activities. In addition, the environmental impact could be even further reduced by utilizing the dynamic capabilities of the system and monitoring the road traffic congestion, the order cancelations, or any other unpredicted events and providing modifications to the schedule or even vehicle rerouting when necessary.




4. Conclusions


Concluding the presentation of the advanced vehicle routing and scheduling system, it becomes clear that the use of such a system may present a plethora of advantages for logistics companies that operate in urban areas. Such advantages include fewer traveled kilometers, more effective fleet utilization, less consumed fuel, higher driver productivity, quicker deliveries, less scheduling time, higher customer satisfaction, and easier adaptation to business development. Whether aiming at minimizing the emissions or the distribution costs, a logistics company that uses such a system for its distribution activities will perform them much more effectively while at the same time having a significantly less environmental impact.



From the case study presented in this paper, it becomes even more evident that today’s logistics companies need to implement such advanced systems for their activities as road transportation is responsible for the 72% of CO2 emissions. Making use of the system, in both tested scenarios, the company could achieve a noticeable reduction in CO2 emissions, and, if more companies decide to use such systems, the environmental impact of urban freight transportations could be vastly reduced. In fact, the results of the application of the system to the medium-sized logistics company’s distribution operations show a 27.17% reduction of CO2 emissions. This may lead to a significant reduction of the company’s environmental footprint if it decides to adopt the system for its distribution services. Afterall, we should not forget that the whole planet is in great danger, and, as noted by scientists, a rapid rise in temperature has recently been observed. In fact, such alternations of hot and cold periods have never occurred simultaneously around the world for the last two millennia.



It should be noted, however, that the system has only been tested in one medium-sized company; therefore, in order to achieve more robust results, further testing is required. More specifically, our team plans to test the system in additional logistics companies of various sizes. We have already contacted such companies, and, after presenting them the results of our case, they have expressed their interest in testing our system. Therefore, in the following months, we estimate that about 5 additional tests will be performed. Another limitation of our research is that we only focus on CO2 emissions, while there are also other parameters needed to be taken into account for creating greener routes. Finally, it should be made clear that the use of a system, such as the one presented in this paper, requires the company to create a technological infrastructure in order to make use of the system and also creates the need for significant expenditure on technological equipment and software. However, the investment can be amortized in a fairly short period of time, thanks to the reductions that the company will have in its operating costs, as well as its ability to increase its existing customer base.



The next goal of our team is to create an improved version of our system that will fully support green vehicle routing and scheduling. The new system will be able to effectively work with fleets of electrical or hybrid vehicles (e.g., use of fast charging stations, preference in green routes, ensuring emission limit compliance with EU directives, etc.) and will be fully compliant with the goals set by the European Union for reduced transport emissions by 2050.
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Figure 1. The system’s architectural elements. 
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Figure 2. The way of dealing with multiple objectives. 
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Figure 3. The workflow of system’s operation. 
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Figure 4. The company’s distribution network (18 zones). 






Figure 4. The company’s distribution network (18 zones).



[image: Systems 08 00049 g004]







[image: Systems 08 00049 g005 550] 





Figure 5. Visualization of orders and order data. 
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Figure 6. Delivery schedule and routes. 
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Table 1. Provided real-life data.






Table 1. Provided real-life data.









	Order Data
	Deliveries Data





	Order Type
	Order Code



	Order Code
	Address Delivered



	Delivery Date
	Time of Arrival



	Delivery Time Frame
	Route Code



	Customer Code
	Delivery Status



	Country
	Vehicle Plate



	City
	Vehicle Type



	Address

Postal Code
	Driver Name



	Weight
	



	Volume
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Table 2. Calculations based on the real-life data provided by the logistics company.
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	Calculations
	Real-Life Data
	System’s Results
	Difference





	Number of customer orders needed to be distributed in the specific day
	844
	844
	0 orders



	Number vehicle routes created by the existing routing method
	210
	192
	18 less routes or 8.6% reduction



	Average vehicle load per route
	10.041 tn
	10.982 tn
	0.941 more tons per route or 9.4% increase



	Average Service time of each order from the moment of its placement
	2 h & 58 min
	2 h & 26 min
	32 less minutes of average service time or 18% reduction



	Average traveled distance per vehicle route
	99.40 km
	78.53 km
	20.87 less kilometers per route or 21% reduction



	Total routing completion time
	1 h & 26 min
	4 min
	1 h & 22 min less time needed for routing or 95.3% reduction
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Table 3. Equivalent activities corresponding to the specific amount of reduced CO2 emissions.
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	Equivalent
	Emissions Minimization Scenario
	Cost Minimization Scenario





	Number of passenger vehicles driven for one year to emit the equivalent amount of Greenhouse gas
	357
	236



	Number of homes’ energy use for one year to emit the same amount of CO2
	191
	126



	Liters of gasoline consumed to emit the same amount of CO2
	703,613
	465,738



	Number of smartphones charged to emit the same amount of CO2
	210,667,223
	139,445,208



	Number of tons of waste recycled instead of landfilled needed to avoid the equivalent amount of Greenhouse gas emissions.
	562
	372



	Number of tree seeding grown for 10 years to sequester the same amount of carbon
	27,317
	18,080
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