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Abstract

The real-world vehicle routing problem with pick-up (VRPP) for Hustadvika Bioekraft AS
is presented. The collection of manures from the farms is made. The objective is to reduce
the total transportation in terms of time. The model presented in this paper is nontrivial and
analysed using the firm’s selective data using a CPLEX linear solver. The delineated model
handles a fraction of the complete problem. Thus, it can be a foundation for real-world
problems with extended constraints. The mathematical model is developed and tested on
companies' data. The results are given. The paper aims to develop a model that offers an
optimal solution and can be a foundation for similar vehicle routing problems. The model
presented in this paper can be used for future research and may be extended by adding more
constraints like rolling horizon and loading/unloading time.

Keywords: vehicle routing problem, inventory routing problem, vehicle routing problem
with pickups, vehicle routing problem with backhauls

1 Introduction

Norway is among other countries focusing on bioenergy and wants to be carbon neutral until 2030
(Miljeverndepartementet, 2012). By 2030, 30% of manures must go in a biogas reactor
(Landbruks-og matdepartementet, 2009). In Norway, there are approximately forty biogas plants,
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and manures as a staple are used by some of these plants (Norges Bondelag, 2011). It is expected
that the number of biogas plants will increase soon, according to the Norwegian policy for
bioenergy (Berg et al., 2023).
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Figure 1: Hustadvika municipality Map

The Hustadvika became one of the largest municipalities after merging the two municipalities Eide
and Frena in January 2020 as shown in figure 1 and in western Norway among three
municipalities, Vestland, Rogaland, Mgre and Romsdal, and Trendelag between Trondheim and
Stavanger can be seen in Graph 1 in terms of cattle (Statistisk Sentralbyra, 2017).
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*Names of the new municipalities after fusion in 2020

It is a potential location for using staples as raw material in a biogas plant (Raha et al., 2014). The
company Hustadvika Biokraft AS is preparing to operate at Hargysundet. To heat the bioreactor,
it plans to get fish slurry from local fish farms and wood waste from Romsdal Interkommunale
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Renovasjonsselska (RIR) and staples. The end products are excess heat, biogas, and decomposed
residue used as fertilizer (Awafo & Agyeman, 2020). The process to produce biogas at the plant
takes, on average, 20 days after the arrival of fish slurry and staples from farms.

The outputs are biogas, decomposing residue, and excess heat to be utilized as compost (Kamp &
Bermuidez Forn, 2016). The total time required on average for producing biogas is approximately
20 days from the arrival of fish slurry and the manure at the biogas plant until the procedure is
completed, as presented in figure 2.

Manure from
farms In
Hustadvika
municipality

Waste from a Hustadvika Excess heat from

Biokraft AS the production

planned local fish

Decomposing
Wood waste in residue to be used
the area of RIR as fertifizer for e.g.
agriculture

Figure 2: The biogas production process

It can be seen as a transportation problem for delivering residue and picking up manures /staples
to and from farms. These farms are located within 2.6 — 50 kilometers of the planned biogas plant.
It produces 150 — 200(000) tons of manures per year. Each farm's minimum and maximum
production is 500 and 7000 tons, which requires, on average, 15 semi-trailers. The company is
seeking a cost-efficient transportation solution with a vehicle routing plan (Berhe et al., 2017).

The following constraints and the above information make this problem more complex and harder
to solve.

The first constraint is that the delivery amount of residue (from the fish slurry) will be more than
the pickup amount of staple to and from the farms. Therefore, delivery requires more vehicles than
pickups. As it is not allowed to mix staple and decomposed residue, many vehicles first deliver the
residue and then start picking up the staples from the farms (Li et al., 2018).

The second constraint is related to storage facilities for staples on the farms. There are two types
of farms. The type | farm has a tank in the same building as cattle and one to three storage facilities
a bit away from the farm. The type Il farm only has a tank on the existing building with cattle and
one storage facility. The number of type | farms is 36, and the type 11 farms are 48, making it 84
farms total (Wassie & Adaramola, 2020). Since the type Il farm has a single facility, the company
will have to concentrate on emptying the tanks as much as possible before the residue delivery. It
is not required to extend time by the farmers to fertilize fields. The company Hustadvika Biokraft
AS intends to load the staple facility with decomposed deposits even by draining the staple
containers throughout the year (Schoeber et al., 2021). Each facility can store from 500 tons up to
6000 tons.
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The company is planning to build a residue storage facility at the plant (Lwiza et al., 2017). It is
also possible for the farms to cooperate with neighboring farms on storage facilities where one
farm is responsible for storing residue and staples (Brahma et al., 2016).

The third constraint deals with the inaccessibility of roads throughout the year. It is related to the
type Il farm storage facility located slightly far from the farm. A separate road is used to reach that
storage facility, which is impossible to access using vehicles and is often blocked due to snow in
winter. Usually, when ground ice is defrosting in spring, some roads have a restriction for heavy
vehicles. So, the company must pick up the staple before this period and prioritize the delivery of
residue somewhere in April so it is available at the end of April or the beginning of May for the
farmers to spread the fertiliser on fields.

The fourth constraint focuses on farms' yearly demand for decomposed residue. The farm's annual
cycle for fertilization and harvesting fields is shown in figure4. Three fertilization periods can be
seen in a year: spring, summer, and autumn. The first period for fertilization starts once ground ice
has defrosted in spring. Once the harvesting is done for the first period, the second fertilization
phase occurs. The third fertilization period starts when the second harvest is completed and is used
to dispose of surplus staples or decomposed residue in the future, resulting in enough space in the
storage facility throughout the winter. The third fertilization was optional and may not be needed
by all farms. While there are excessive tons of delivery of residue than tons staple pickup at farms,
it can be expected that most farms will be using a third fertilization period. It is seen in figure 4
that this third fertilization phase is longer than the first two phases. The second harvesting period
usually finishes by September 1st, and by law, farmers are allowed to fertilize the field by October
31st, except if the ground ice is not softened.

Therefore, the company should ensure that all farms will have the required residue before the
fertilizing period. Approximately 60% and 40% of its storage capacity of decomposed residue will
be needed and delivered beforehand to each farm for the first and second fertilization periods,
respectively. The exact time for fertilization and harvesting depends primarily on the weather as it
differs year to year.

The appropriate time for pollination and reaping times depends on the weather conditions, and due
to global warming, it varies from year to year.

The company Hustadvika Biokraft AS is determined to have two vehicles. The routes at the farms
are planned from Mondays to Fridays to make pickups and deliveries with four drivers from 7:00
am to 9:00 pm to 10:00 pm and perhaps on Saturdays from 9:00 am to 4:00 pm. It may deliver
more decomposed residue and pick up more manure on Mondays than Fridays, as it is heaped up
all over the weekend. The manure demand for Sunday must be covered by the amount picked up
between Monday and Saturday.

It combines vehicle routing problems (VRP) with inventory, various vehicles, and backhauls.
While considering the diverse constraints related to the problem, it may be classified as a rich
VRP.

1.1 Research questions

This paper intends to build a base where the main aim is to develop a mathematical model for
obtaining the right routing solution by Hustadvika Biokraft AS for collecting manure at local farms
and delivering decomposing residue. The main research question is:

1.0 The minimum time to calculate the shortest route?

With the subsequent sub-problems:

1.1 When is each farm served?

1.2 How often is each farm served?

1.3 How much staple is picked up from each farm on each route?
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1.4 How much-decomposing residue is delivered at every farm for each route?
1.5 Are two vehicles capable of operating all the routes?

The problem is devised based on manures pickup from the farms. The issues related to this research
are highlighted above. The central concern is understanding this complex real-world problem and
developing a mathematical model. The data received from the company is used to test and analyse
this model.

The remaining paper is structured as follows: The literature related to this research is presented in
section 2. Section 3 describes the problem along with the development of the model. Section 4
gives the testing and analysis of the model. The conclusion is done in section 5.

2 Literature review

The capacitated vehicle routing problem is finding the number of ways each route starts at the
source location, visits the number of customers, and returns to the source location (Khan et al.,
2023). The total delivery on that route doesn't exceed the vehicle capacity. The objective is to
minimize the transportation cost. The classical vehicle routing problem and its variants are
presented by Toth and Vigo (2002). The vehicle routing problem (RVRP) is a general area within
the optimization field. This problem includes single or multiple products being transported from
the source (the facility) to various destinations (customers' locations) by a set of vehicles. The
objective is to decrease total shipping costs or maximize profit. The vehicle routing problems are
diverse and vary in nature based on different assumptions, as given by Toth & Vigo (2002a).

The inventory routing problem (IRP) and the inventory management and routing problem are
explained in the literature survey (Andersson et al., 2010). The VRP with backhauling is used for
both pickup and delivery of goods. VRPs with heterogeneous vehicles are used for delivery as an
alternative to one vehicle. In the VRP with time windows routing problems, delivery or pick up
where the transport has to occur within specific time windows at the customer's locations. Vehicle
routing problems (VRPs) have multiple objectives and routing problems consider numerous
objectives, such as reducing the number of routes and freight costs (Ko¢ & Laporte, 2018).

In literature, numerous variations of vehicle routing problems exist, and the constraints related to
real-world problems make this problem unique and very complex. The problem presented in this
paper is also a combination of many vehicles, inventory and backhauling

2.1 The inventory routing problem (IRP)

Inventory combined with vehicle routing problems are generally known as inventory routing
problems. The purpose is to lessen the freight cost by guaranteeing no stock-out at the customer's
site (Bard et al., 1998). The Inventory Routing Problem (IRP) is seen as an expansion of the
Vehicle Routing Problem, which integrates two aspects of supply chain management, one focusing
on the amount of inventory and the other on the routing of vehicles. Often, these aspects are dealt
with separately, but including and integrating several aspects in a single problem makes it complex
to solve but results in better performance for a system. The primary three decisions are considered:
1) amount of goods delivered to a customer, 2) time to serve a customer, and 3) delivery routes.

In VRP, customers have demands to be fulfilled. The transport company assigns the total amount
of goods to the delivered vehicles while minimizing the total cost required for these routes.
Meanwhile, in IRP, the company decides on delivering the number of goods. The problem studied
in this paper can be related to the inventory routing problem. The plant decides on pickup from
each farm each day in the extended horizon as it deals with repeated distribution or picks up of a
single product. In IRP, it is assumed that an unlimited product is available to deliver or pick up
while it is not valid, and it is different when it comes to a real-world problem.
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Andersson et al. (2010) and Coelho et al. (2014) have written a detailed literature review on
inventory routing problems. A basic description of having a mathematical model for IRP is given
by Coelho et al., 2014). Archetti et al. (2007) created this model first, which was expanded by
Coelho & Laporte (2013) and Adulyasak et al. (2013). It is defined as the one-to-many model
where several vehicles drive a route from the plant to the location of various customers to meet
their demands.

3 The vehicle routing problem with backhauls (VRPB)
3.1 Model description and assumptions Sets

Vertices represent plants and farms. Remember that the staple/ slurry warehouses are located
slightly away from the farm’s locations. The company Hustadvika Biokraft AS agreed to assume
the warehouses are located at farms and staple tanks accessible throughout the year to streamline
the problem. The eighty-four potential farms are to be considered for the delivery of staples. By
the time the company is up and working, the number of farms may be decreased. This problem is
NP-hard due to its nature.

The selected number of farms is considered for testing a mathematical model. The four farms are
chosen based on the following criteria: various storage amenities, travel distance from the plant,
ease of use of storage location (Hassan et al., 2023), and the number of staples to be picked up.
These four farms are chosen based on short, medium, and long-distance, and the rate of staple
production is represented based on low and medium. The average distance and production are
calculated for all the farms. The farms are selected for testing and given below in Table 1.

The inventory carrying capacity is the number of manures accumulated at each farm. Each farm
has fixed storage for manures, but the total farm storage capacity data is not available.

Table 1: Selected farms for testing mode

Farm  Farm Distance from the Production Min. inventory carrying
no. plant (hours)  (year) (daily) (capacity) (slurry facility)
(kilometres)
7 0.07 14.6 2.8 5333 3000 3555.3
2 21 0.46 4.1 18.4 1483 1000 988.7
3 50 0.61 8.9 245 3250 1400 2166.7
4 81 0.74 19.2 29.5 7000 6000 4666.7

According to the law, the minimum requirement for the farm's storage is eight months of manure
production. Therefore, it is calculated by multiplying 23 by annual farm production. While testing
the model of how this amount is calculated, the inventory holding capacity of a few farms is less
than in reality. Others may have more inventory holding capacity than the required level. The
farm's inventory holding capacity (IHC) is computed by dividing its demand by the number of
days (365) in the year when it is running and fully utilized (200,000 tons/year) to obtain the farm's
daily capacity.

The daily capacity is calculated.

The farms' initial inventory level depends on when Hustadvika Biokraft AS starts picking up
manure. So, it is kept at zero for all the farms while testing the model, as it is hard to tell the exact
amount of manures stored at each farm. The yearly production rate is divided into 365 days to
determine the daily manure produced at each farm. The amount paid on Monday (the first day of
the week) is doubled in the model, as no route is driven on Sundays for pickups. Initially, the
plant's annual manure demand was 150 thousand tons. We have chosen to keep the index for
vertices on the demand parameter, though it could easily be removed since there is no demand for
manure at the farms.

The research questions to be addressed in our model are the following:
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1. Find the number of vehicle routes that minimize the driving time.

2. When should farms be visited?

3. how often each farm should be visited?

4. How much manure should be picked up for every visit to each farm?
5. what is the inventory level at each farm's end of the day?

3.2 Model development

A simple version of the IRP model by Coelho et al. (2014) is further developed to solve this NP-
hard problem. The model was designed to solve the inventory routing problem with delivery
(IRPD), where the route starts from the depot and serves a set of customers on each route and
returns to the depot. While the current model is written where a vehicle is driving an empty vehicle
and pickup is made from many farms and returning to plant as seen as many to one problem.
Relevant constraints are kept and modified; on the other hand, few are dropped as they do not
apply to the existing pickup problem. The inventory constraints are defined at the farms and plants
(constraints (2) and (4) in Coelho et al., (2014)).

The manures are produced at the farm's location, and manure demand is at the plants located in
this given problem. The delivery is made to the plant after pickup is done from farms. It is essential
to mention that an additional parameter is added as an extra indicator as the production takes place
in more than one location. The delivery should not exceed the customer demand and is covered by
constraints (7), which are written as a pickup by a vehicle cannot exceed the stock at each farm. A
farm cannot have pickup without visiting it is defined by constraints (9) and is kept the same. The
sets, variables, and parameters notations are given below, along with the mathematical model for
the IRPP.

Objective function

1 ZieF ZteT ha ”at + Z(ab)eA ZveV ZteT Cap Uabvt

Subject to:

2. Hop = oty + Laerr Lvev Mave — doe v teT

30 Mg =Hypq + Ve — Yvev Maye Va eF', teT

4. Il =1, Va eF

5. Iz <9, Va eF,teT

6. Yvev Maye < Hyeiq + 14 Va eF', teT

7. My < 9aZavr Va eF',veV, teT

8. Yaer Mot < qZout VeV, teT

9. ZbeF.a<b Uabvt + ZbeF,a>b Ubavt = 2Zavt Va EF' UEV' teT

10. Zaes Zjes,a<b Uabvt < Z Zavt - vat vS < F' UEV' tET' mesS
11. 1, =0 Va eF,teT

12. My,: =0 Va eF', veV, teT

13. Ugppe €{0,1} Va eF', veV, teT

14. Uy € {0,13 V(a,b)eF', veV, teT
15. Z,,: €{0,1} Va eF,veV, teT

3.3 Description

The objective function (1) minimizes the overall transportation costs, a sum of inventory carrying
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and transportation costs (measured in time, i.e., hours). Constraints (2-3) tell about the inventory
level at the plant and the farms, respectively, but constraints (4) give the initial inventory level of
the plant and the farms. Constraint (5) confirms that the inventory level does not exceed the
capacity at each pant and farm. Constraints (6) make sure that a vehicle cannot pick up more
manure than what is in stock at each farm each day, though constraint (7) ensures that there is no
pick up at a farm by a vehicle one day without the same farm being visited by that vehicle on that
exact day. Constraints (8) ensure that the total vehicle load on a vehicle one day does not exceed
the vehicle capacity and make sure the exact vehicle visits the plant that day. Constraints (9) ensure
a vehicle arriving at a farm also leaves that farm (opposite to the plant), while constraint (10)
eliminates sub-routes. Constraint (11-12) says that it is non-negative. Constraints (13) and (14-15)
indicate that the variables as integer and/or binary, respectively.

4 Testing and Analysing the Model

The language used to model, test, and implement the mathematical model using CPLEX Linear
Optimizer is an Algebraic Modelling Language (AMPL). The model presented in section 3 is
executed, and the solution obtained is optimal. The results are shown in figures 5 and 6,
respectively.
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Figure 5: Each day the amount of manures picked up by vehicles
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Inventory Leve

Figure 6: Inventory level on plant and farms each day

The total time is 10.644 hours is calculated as the total transport cost. In a day, some farms are
visited many times by different vehicles. There are overlapping routes due to which one driver
must wait for manure pickup until the other is finished picking up. It can be solved by an additional
constraint which ensures that the farm will be served maximum in a day. The constraint will be as
follows

o >Zkt€V<1YV aeF, teT.
Additional time costs

The time estimated by the company is 10 minutes each visit. Consequently, it may be added up to
the objective function: £XXZakt«=10t€T, veV, a€eF.

Load constraints

The loading constraints for the vehicles are considered which can be modified for delivery of
decomposing residue. Inventory level constraints by Coelho et al. (2014) can be regarded as for
delivery.

Multiple routes and shifts
From Monday to Friday, the single route is driven by two vehicles each day.
Longer time

In the model above, the planning horizon is small-scale. It would be better for the company to plan
at least two weeks. The rolling horizon is best suited and relevant for such types of problem by
Bard et al. (1998).

5 Conclusion and Further Research

This research aims to realize the complexity of the real-world vehicle routing problem with pick
up and develop a mathematical model encountered by the firm Hustadvika Biokraft AS. The model
presented in this paper is nontrivial and analysed by using the firm’s selective data using CPLEX

SMARC==__



10 Brit et al.

linear solver. The delineated model handles the fraction of the complete problem. Thus, it can be
used as a foundation to real world problem with extended constraints. In the model above, the
planning horizon is small-scale. It would be better for the company to plan at least two weeks. The
rolling horizon is best suited and relevant for such types of problem.

The model presented in this paper can be used for future research and may be extended by adding
more constraints like rolling horizon and loading/unloading time. Pasha et al. (2014) used a
clustering method with tabu search has some resemblances with a problem presented in this paper.
So, the technique can be used as a starting point to solve the extended problem.
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