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Acronym Definition 
Avg. Average 
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N/A Not Applicable 
NMLU New Modular Loading Unit 
TP Transhipment Point 
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Executive Summary  
This deliverable contributes to address seamless handling and transshipment of goods, 
integrating the NMLUs that have been developed in the frame of the project by considering a 
new solution approach for delivery structures. In that sense, the usability and feasibility of 
NMLUs in a cross-dock setting was examined and compared to shipping without using them 
as part of a strategic optimization approach for shipment planning and asset optimization. 
For that purpose, an advanced solution approach for network planning has been developed, 
tested and analysed. Based on that, the possibility to test and measure freight planning for 
given supply chain configurations is provided. 
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1 Introduction 
 
The overall synchronization of the handling and transshipment processes is a crucial aspect 
to optimize delivery structures in the supply chain. Following a holistic view of the overall 
problem that is determined by; Specific customer requirements and a given structure of 
depots and hubs, goods handling needs to be delivered fulfilling an expected service level 
on the one hand and under cost minimizing aspects on the other hand. This deliverable 
summarises the results of a newly developed optimization procedure for seamless handling 
and transshipment processes integrating NMLUs. 
 
In that sense, the usability and feasibility of NMLUs in a cross-dock setting is examined and 
compared to shipping without using them as part of an optimization approach for shipment 
planning and asset optimization. For that purpose, an advanced solution approach for 
network planning has been developed with the support of subcontracting partners WeOptIT 
and RWTH Aachen for CLUSTERS 2.-0 freight planning configurations. 
  
The document is structured as followed: Chapter two gives a detailed overview of the 
problem classification and the two planning approaches that are considered in this 
deliverable. In the third chapter, the planning approaches will be testes and compared. To do 
so, the test environment will be presented at the beginning of the chapter. This will be used 
to execute several calculations with the different planning components which will be 
compared in terms of specified KPIs in the end. Additionally, the approaches and the results 
obtained will be briefly reflected. 
 

2 Planning Approaches 

 Problem Classification 
 
To optimize the handling and transshipment processes, one of the main challenges is to 
decide how to structure the delivery process, starting from the main depot and serving all 
customers from that central depot. The classical problem definition would describe a tour 
optimization problem that is being solved by serving the customers with using as little as 
possible vehicles and tours to minimize the overall costs.  
 
Adding the question of using intermediate transshipment points between the central depot 
and the customers transfers the problem definition in the field of tension between network 
optimization and tour optimization, namely a generalization of a 2-echelon vehicle routing 
problem. 
 
To elaborate on this approach and especially the feasibility of the New Modular Loading 
Units, in Clusters 2.0 the following test environment has been established: 
 

- One defined central depot which is the loading location for all orders 
- A set of orders / customers with specified delivery time windows and locations 
- The planning horizon is one period of time, namely one day, in the given example 
- Volume information of the cargo 
- A set of different vehicle types with defined capacity and an operating time interval 
- A cost function containing several cost parameters 
- A matrix containing distances and driving times from between each location 

 
Depending on the planning approach, additional components are necessary: 

- Additional transshipment points (TPs) for cargo handling  
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- A second set of vehicles for delivering goods starting from the TPs 
 
Figure 1 to Figure 3 provide an exemplary overview to the described problem definition. As 
sketched in the first figure, there is a central depot (black) and five customers (yellow) that 
expect goods from this central depot.  
 

 
Figure 1: Problem classification I 

A general tour optimization approach could generate, dependent on restrictions such as time 
windows, cost functions or the availability of vehicles, generate a solution as shown in Figure 
2. Here, a set of three tours has been generated, namely one tour service one customer and 
two tours serving two customers, each with the objective of minimizing costs or distance 
driven. By changing the restrictions or the objective function itself, other constellations such 
as generating two tours in total for example, could be possible, as well. 
 

 
Figure 2: Problem classification II 

When moving to the advanced approach integrating transshipment points between the 
central depot and the customers, the example could look like sketched in Figure 3. In that 
case, the optimization approach needs to make the decision which customers should be 
served directly via the central depot and which customers should be served via the 
transshipment point (blue). In the example below, customers c2 and c3 are served via the 
transshipment point, the other customers are served directly from the depot. As in the classic 
approach, the given restrictions have to be considered and the solution is generated based 
on the defined objective such as cost minimization.  
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Figure 3: Problem classification III 

Making use of these input data, the aim is to generate optimal deliveries in order to serve all 
customers obeying the given restrictions. For this purpose, two planning approaches are 
compared as further explained in the next chapters. 
 
To start with a more detailed differentiation between the approaches, Figure 4 provides a 
simple exemplary setting based on specific points in Spain. Again, there is one central depot 
and several customers. Additionally, there are two transshipment points that need to be 
considered. 

 

 
Figure 4: Example 

 
  

 

 Single-stage planning approach 
 
The conventional planning approach as status quo aims to generate optimal tours that serve 
the customers directly from the depot. This means that during the planning process, several 
customer orders are combined in groups and loaded onto assigned vehicles at the depot. 
Starting there, the customers are served one-by-one according to the planned tour. These 
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tours and the whole delivery process can then be evaluated in terms of KPIs such as driving 
times, costs and the distance driven. In Figure 5, an exemplary result for the given customer 
configuration in Spain is provided. As it can be seen, four tours are generated by the 
optimization approach. At first sight, it might be questionable why the customers in the North 
are not served within one combined tour. However, there might be specific reasons for this: 
If both customers have similar and small time windows, one vehicle might not be fast enough 
to meet the time windows of the customers in a combined tour. Another reason might be 
capacity restrictions of the vehicles. If both customers are expecting a large order that 
(almost) fills a complete vehicle each, several vehicles have to be used to serve the 
customer.  
 
 

 
Figure 5: Example for single-stage planning approach 

These two examples already show the complexity that lies behind the given optimization 
problem when dealing only with a central depot. The approach that additionally considers 
transshipment points even adds some complexity to this whilst offering the opportunity to 
save costs, time or resources. It will be described in the next chapter.  
 

 Two-stage planning approach 
 
The second planning approach that has been developed in the frame of Clusters 2.0 
operates in two consecutive stages, making use of NMLUs at specified transshipment 
points. In that case, the planning process still starts at the central depot. However, with the 
help of the new planning component, two types of delivery are available. The first type is the 
same as for the single-stage approach. This means that customers are directly served from 
the depot. The second type involves transshipment points. Here, goods are initially delivered 
from the depot to the transshipment point and unloaded there. The TPs serve as cross-
docks where the goods are loaded onto other vehicles where the NMLUs come into action. 
These vehicles finalize the delivery by driving to the end location. Just as in the first planning 
approach, KPIs such as driving times, costs and distances can be evaluated. Additionally, 
the usability of the NMLUs can be measured here. 
Figure 6 shows a possible result of the same standard configuration as in the singe-stage 
approach. This time, two transshipment points are available in addition so that four 
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customers in the North and South are served via the transshipment points and the others 
directly from the depot. The approach is currently developed in a way that customers that 
are served via a transshipment point are served individually. This means that the vehicles 
using NMLUs do not have tours with several stops but drive from the TP to one customer 
and back again. 
 

 
Figure 6: Example for two-stage planning approach 

 
This solution approach has been developed within Clusters 2.0 as a first prototype to cope 
with the question on the usability of NMLUs. As it will be shown in the next chapters, this 
approach has been tested and compared to the original single-stage planning approach. 
The given calculation results of the new solution approach only show one possible result 
besides others as different variants of the new solution approach have been developed, 
containing different parameterizations. 
 
The one-stage approach has been used and improved for years, offering a broad range of 
configuration and optimization possibilities that have not been implemented in the new 
approach, yet. Therefore, the two-stage approach suffers some disadvantages when it 
comes to a practical use. These aspects will be examined in the next chapters, as well. 
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3 Evaluation of the planning approaches 

 Test environment 
 
In order to evaluate the planning approaches presented, the next chapters provide 
representative examples and calculations for a specified test environment. It has to be taken 
into consideration that the data had to be anonymized and do not reflect a total real-world 
test instance due to non-disclosure reasons. 
 

- 1 Depot in central Spain which is open during the whole planning period of 24 hours 
- Four transhipment points in Spain with specified opening intervals 
- 88 customers / stores spread all over the Spain and Portugal with the following order 

specifications 
o Location 
o Number of pallets to be delivered (maximum 34 pallets) 
o Opening times during the planning period of one day 
o Service times for loading and unloading: 2 minutes per pallet 

- Three vehicle types that operate during the whole planning period 
o Vehicle Type 1 for direct deliveries starting at the depot 

 Number of vehicles: 45 
 Capacity: 34 pallets 
 Cost function: 200 € fixed cost per usage + 1.75 €* km driven 

o Vehicle Type 2 for direct deliveries starting at the depot 
 Number of vehicles: 60 
 Capacity: 20 pallets 
 Cost function: 150 € fixed cost per usage + 1.5 €* km driven 

o Vehicle Type 3 for deliveries starting from the TPs and using NMLUs 
 Number of vehicles: 200 
 Capacity a: 8 NMLUs (equals 32 pallets) (if not stackable) 
 Capacity b: 10 NMLUS (equals 40 pallets) (if 4 NMLUS are stackable)  
 Cost function 1: 400 € fixed cost per usage + 0.9 €* pallets per 

transportation for short-distance deliveries below / equal 20 km from 
TP to store) 

 Cost function 2: 400 € fixed cost per usage + 0.04 €* pallets per 
transportation* km driven for long-distance deliveries above 20 km 
from TP to store) 
 

Concerning the usage of NMLUs, the following assumption is made (see also Figure 7): 
Usually, eight NMLUs with four pallets each are shipped on one vehicle which gives room for 
32 pallets in total. If some of the NMLUs are stackable, the vehicle occupancy is more 
efficient as 40 pallets can be shopped in one vehicle as shown in the example. 
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Figure 7: Usage of NMLUs 

 
This test environment described above is now applied to both planning approaches and 
compared in terms of specific KPIs. The spreading of the customers is shown in Figure 8. 
The central depot (green) is close to Madrid and the four transshipment points are indicated 
in red. The customers (blue) are located in Spain and Portugal. 
 

 
Figure 8: Map of test environment 

 
Based on this environment, variations of specific parameters can be evaluated additionally to 
the basic case as described above. With each variation of the input data and parameters, 
results and KPI values may differ. Therefore, no generally feasible recommendation for the 
best planning approach or parameter configuration can be given here.  
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 Calculations 

 Basic Case 
  
The basic case contains two different calculation examples: One calculation with the single-
stage planning approach, one with the two-stage approach. For both approaches, the test 
instances described have been used and tours have been generated to serve the 
customers. As an example, in Figure 9, the calculation result of the single-stage approach is 
shown, assuming that no TPs are used. In that case, several tours, starting from the central 
depot, are planned in order to serve the customers. As it can be seen for some customers 
near Sevilla, for example, it can happen that not all customers can be served with the given 
input parameters. Sometimes, the time windows are too tight or the distance between the 
depot and the customer is too high to be covered within planning period. 
 

 
Figure 9: Calculation results basic case 

 
This aspect and indicators such as distances driven, or cost information are shown in the 
following table as calculation result for the basic case. The green column belongs to the 
single-stage approach, the blue column for the two-stage approach. For both approaches, 
the same parameters have been analysed – except for the outsourcing-information that is 
only available for the two-stage approach.  
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Table 1: Calculation result basic case 

 
 Single-stage 

Approach 
Two-stage Approach 

 
 

In
te

rn
al

 

Total amount of tours 58 58 
Unplanned orders 4 0 
Avg. Amount of orders per tour 1.45 1.52 
Avg. Capacity utilization 27 pallets (87 %) 28 pallets (91 %) 
Used large vehicles 45 45 
Used small vehicles 13 13 
Avg. Distance per tour  848 km 737 km 
Total distance 49184 km 42774 km 
Avg. Cost per large vehicle per tour 1619.17 € 1645.07 € 
Avg. Cost per small vehicle per tour 1614.38 € 797.88 € 
Avg. Cost per tour 1618.10 € 1455.18 € 

Ex
te

rn
al

 

Outsourced orders N/A 7 
Total external cost N/A 4724.19 € 
Avg. Cost per outsourced order N/A 674.88 € 
Total distance for all outsourced orders N/A 2200 km (4409 km) 
Avg. Distance per outsourced order N/A 314 km (630 km) 
Avg. pallets per outsourced order N/A 22 pallets (69 %) 

Total amount of pallets delivered per 
outsourcing N/A 155 

 Total cost 93849.63 € 89124.83 € 

 Total distance 49184 km 44974 km (47183 km) 
 

 
In the first part of the table, only information dealing with internal orders is provided. This 
means, no information about the use of TPs is given here. For the single-stage approach, all 
information is therefore provided here. For the two-stage approach, only the planning for 
direct orders or for the shipment of orders to the TPs is provided. The distribution of orders 
from the TPs to the final destination is part of the second part. 
 
Basically, both approaches generated the same amount of internal tours. However, it has to 
be considered that for the first approach, not all orders could be planned. One reason for this 
is that the amount of available internal vehicles is restricted. This means that not enough 
internal vehicles are available to serve all customers and some orders remain at the depot. 
As in the two-stage approach, there is an unlimited number of external vehicles for 
outsourcing purposes, all orders can be planned in terms of vehicle availability.  
 
Because one tour can contain more than one order, the second indicator shows how many 
orders are generally distributed within one (internal) tour. Here, it can be seen that the two-
stage approach tends to generate tours with more orders. The reason behind is that orders 
that are outsourced also have to be transferred from the depot to the TP as part of the 58 
internal tours. 
 
Depending on the available capacity per vehicle, the average capacity utilization shows if the 
trucks were used efficiently. For both approaches, this value is above 80 %. Looking at the 
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capacity utilization per vehicle type, it can be calculated that the large vehicles have a better 
utilization rate than the small vehicles in the first approach (90 % vs. 76 %) and also in the 
two-stage approach (92 % vs. 87 %). In both approaches, all available large vehicles were 
used and utilized efficiently. Small vehicles were used less efficiently and only because all 
large vehicles were already in use. This means that there is a clear preference for large 
vehicle in that case. 
 
Taking a deeper look at the tour structures itself, it can be seen that the average tour length 
of the first approach is larger than the one of the second approach. 
When comparing the average distance per vehicle type, the distances are similar (811 km 
per tour for large vehicles vs. 976 km for small vehicles) for the first approach, yet highly 
different in the two-stage approach. Here, tours of large vehicles have an average distance 
of 826 km whilst tours with small vehicles have an average distance of 432 km. 
As the costs of each tour are directly related to the distance driven, this observation can also 
be made when looking at the cost structure itself.  
 
All information related to the outsourcing activities is displayed in the second part of the 
table. As it can be seen, seven orders were outsourced with the second solution approach, 
leading to total external cost of more than 4700 € (or approx. 670 € per order). Furthermore, 
2200 additional kilometers were driven with the additional vehicles to serve 155 remaining 
pallets. Here, it has to be mentioned that the distance is calculated at trip from the TP to the 
customer and back again. The number in brackets displays only the distance from the TP to 
the customer.  
 
The last part of the table aggregates the information of both approaches, leading to a total 
sum of costs and distance for both approaches considering that the cost functions do not 
relate to real-world cost functions. Therefore, the amount displayed here can be used for a 
comparison between the approaches.It becomes obvious that the second approach is 
slightly less expensive and results in less kilometers driven. 
 
 

 Variations 
 
Coming from the basic case, several variations can be considered to further examine the 
new solution approach and the usability of NMLUs. As stackability is a very important 
characteristic of the NMLUs, further calculations have been done, assuming that some of the 
NMLUS provide a better stackability. Further variations are considered in a qualitative way. 
 
Stackability 
 
Depending on the goods, the NMLUs were designed as stackable units. Due to that, the 
occupancy rate of the vehicles starting from the transshipment points can be improved. 
Instead of e.g. 32 pallets (8 NMLUs), a calculation for 40 pallets has been done as shown in 
the following table. It contains the same indicators as the first two calculations which are 
redisplayed here for reasons of comparison. 
 
 



 

CLUSTERS 2.0 17 V1.0 

 
Table 2: Calculation result stackability 

 
 

Single-stage Approach Two-stage Approach 
Two-stage Approach 

 
 (Stackable) 

In
te

rn
al

 

Total amount of tours 58 58 58 
Unplanned orders 4 0 0 
Avg. Amount of orders per tour 1.45 1.52 1.52 
Avg. Capacity utilization 27 pallets (87 %) 28 pallets (91 %) 28 pallets (91 %) 
Used large vehicles 45 45 45 
Used small vehicles 13 13 13 
Avg. Distance per tour  848 km 737 km 705 km  
Total distance 49184 km 42774 km 40904 km 
Avg. Cost per large vehicle per tour 1619.17 € 1645.07 € 1550.37 € 
Avg. Cost per small vehicle per tour 1614.38 € 797.88 € 864.22 € 
Avg. Cost per tour 1618.10 € 1455.18 € 1396.58 € 

Ex
te

rn
al

 

Outsourced orders N/A 7 11 
Total external cost N/A 4724.19 € 7665.61 € 
Avg. Cost per outsourced order N/A 674.88 € 696.87 € 
Total distance for all outsourced orders N/A 2200 km (4409 km) 3661 km (7333 km) 
Avg. Distance per outsourced order N/A 314 km (630 km) 333 km (667 km) 
Avg. pallets per outsourced order N/A 22 pallets (69 %) 23 pallets (58 %) 
Total amount of pallets delivered per outsourcing N/A 155 255 

 Total cost 93849.63 € 89124.83 € 88666.98 € 

 Total distance 49184 km 44974 km (47183 km) 44565 km (48237 km) 
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The results for the third calculation are quite similar to the two-stage approach when looking 
at the internal distribution either from the central depot directly to the customers or to the 
TPs. The second part dealing with outsourced orders shows that more orders were 
outsourced, leading to more outsourcing cost and driving distance for the third calculation 
example. In total, the one-stage approach is the most expensive approach and the one with 
the largest number of kilometers driven. 
 
When comparing both two-stage approaches directly, some further observations can be 
made as displayed in Table 1. 
 
The overall result is quite similar for these approaches. Six of the outsourced orders occur in 
both approaches. All outsourced orders were delivered to the TPs with both, small and large 
internal vehicles. An interesting observation regarding the used TPs is that not all five 
possible TPs were used at all. The simple two-stage approach used the TPs with the 
location ID 16 and 76. The approach with NMLUs used the same and furthermore TP 35. In 
general, the order size of outsourced orders is (22 pallets resp. 23 pallets) demonstrating 
that NMLU enables the usage of TP rather than standard pallets. 
 

Table 3: Comparison between both two-stage approaches 

   Order No.  Internal Vehicle Used Transhipment Point Used (Location ID) Pallets 

 T
w

o-
St

ag
e 

Ap
pr

oa
ch

  9 Large 16 30 
57 Large 16 7 
10 Large 16 30 
78 Large 76 28 
74 Small 76 20 
11 Small 16 20 
21 Small 76 20 

Tw
o-

St
ag

e 
Ap

pr
oa

ch
 (S

ta
ck

ab
le

) 51 Large 76 28 
34 Large 35 9 
12 Large 35 24 
11 Small 16 20 
57 Large 16 7 
21 Small 76 20 
74 Small 76 20 
10 Large 16 30 
8 Large 16 33 

71 Large 76 34 

9 Large 16 30 
 
 
Vehicle capacity 
 
Related to the stackability, the size of the vehicles and therefore the capacity itself is another 
important point for the planning approaches. For both solution approaches, calculations have 
proven the tendency to first use the large vehicles although the fixed costs might be higher 
for them. Large vehicles also have the advantage to ensure that more goods can be 
delivered to the customer, even if customers have large orders. In that sense, one has to 
weigh up between larger vehicles that offer more capacity but might be more expensive. 
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Vehicle amount  
 
Besides vehicles that are too small for the orders, the amount of vehicles can be a 
bottleneck. In the new solution approach, the assumption was that there is a sufficiently 
large number of vehicles shipping NMLUs. The initial planning approach was restricted in 
that sense which is one reason why not all orders were served here. 
 
Changing cost parameters 
 
Usually, shipping cost are set to specified values and cost functions. However, if these costs 
are under consideration, a change in the cost parameters can heavily influence the usability 
of NMLUs. The higher the external costs are (fixed costs for the usage of a vehicle with 
NMLUs and variable costs that are dependent on the km and kg driven), the less attractive it 
is to use NMLUs. The same applies to a change in the cost for vehicles that start directly at 
the depot. Therefore, it is crucial what kind of cost function is applied in the specific case. 
 
Service times 
 
Service times occur at every point where goods are loaded or unloaded. That means that, 
with the two-stage approach, more service times occur due to the change of the vehicles. 
Therefore, it was important to test the service time at cross docking points. Compared to 
standard pallet cross docking operations saving of 40% could be recorded favoring the 
NMLU concept for two stage optimization approaches.  
 
Time windows 
One important reason why transshipment points are useful are tight and similar time 
windows for customers in e.g. the retail-sector. These customers cannot be served 24 hours 
which means that the usage of vehicle has to be well assessed. In that sense a trade-off 
between “using enough vehicles to meet all time windows” and “not wasting vehicles by 
serving one customer with one vehicle each” has to be made. 
 
 

 Results 
 
When comparing the different solution approaches, it has to be taken into consideration that 
a mature panning component is compared to a prototypical solution approach that has been 
developed in the frame of the project. Therefore, still not the full potential can be stated since 
all side conditions are not fully integrated into the two stage procedure. However, the results 
provide clear indications on the additional potentials two stage distribution concepts have on 
efficiency and sustainability.  
 
In a direct comparison between the single-stage approach and both (similar) two-stage 
approaches, it becomes clear that the two-stage approach tends to generate tours with more 
orders than the first approach. This leads to a better capacity utilization, smaller tours and (in 
average) less expensive tours. When looking at the aggregated data, the second approach 
is able to minimize the overall costs and kilometers driven which leads to a better 
performance in comparison to the first approach. One interesting aspect here is that the 
overall costs are better for the second approach, although the scarcity of large vehicles in 
the first approach has to be compensated by (more expensive) outsourced orders in the 
second approach. 
 
The total distance is also better for the second approach than for the first one, although the 
total distance includes direct trips from the TPs to the customer and back for all outsourced 
orders. If these trips would be further optimized (e.g. building tours with more than one order 
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for outsourcing), there is a large potential two stage solution. 
The usage of the different vehicle types itself is similar for both approaches. In both cases, 
large vehicles are preferred and used more often, although they have a more expensive cost 
structure due to the good capacity utilization of the large vehicles.  
 
Results for deliveries with the usage of TPs: 
For the two-stage approach, approximately 10 % (without stackability) resp. 16 % (with 
stackability) of the orders are outsourced and result in 5 % resp. 9 % of the total cost. 
Although outsourcing cost are quite expensive per order, both two-stages approaches are 
less expensive than the one-stage approach in total. When comparing the two-stage 
approaches directly, it becomes clear that the stackable case is less expensive than the 
other approach and results in less kilometers driven. This means that the result becomes 
better when NMLUS are stackable to a certain extend.  
 
Overall, is becomes clear that the new solution approach has the potential to perform better 
than the initial solution approach. Although outsourcing is quite expensive, the solution 
approach manages to generate better results in terms of overall costs and kilometers. With 
the possibility of stackable NMLUs, the results become even better. Although the approach 
lacks in terms of fulfilling further practical requirements such as resting times etc., with the 
new approach a consideration of more complex delivery structures is possible as the 
decision of using TPs or not can be made in a comprehensible way. This opens up 
possibilities to design supply chain structures more efficiently by considering different 
network structures and components such as NMLUs. 


