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Abstract

Using wood-chips in power plants for energy-generation purposes is gaining momentum
around the world, as part of the new “green” energy concept. Denmark is one of the leading
countries in this area. This work looks at ways to optimize parts of the supply chain in
wood chip production, so as to reduce the associated costs and thus making wood chips
more competitive. We suggest two optimization methods for central parts of this supply
chain, one optimal for weekly production schedules in a one year perspective, and a tabu
search based heuristic for more detailed weekly sequencing of the chipping. Computational
tests on real-world based data show the potential of our methods.

1. Introduction
Globalization and advancement in technology have increased competition between
logistics industries. As a result, logistics systems or supply chain networks should
provide excellent customer service by fulfilling the six “rights”: ensuring that the right
goods, in the right quantities, in the right condition, are delivered to the right place, at
the right time, for the right cost. Logistics companies have to improve service quality,
reduce price and lead time in order to survive and succeed in this new business
environment where the customer is a powerful king. That is, the competitive edge is
gained through the cost-effective fulfillment of orders. Operations research applied to
supply chain management problems is then an important and critical tool or essential
decisions support assistant to logistics and supply chain managers.
Our methods apply operations research to optimize the production and distribution
of woods chips in cooperation with Forest and Landscape Denmark (FLD) which is an
independent research center at the University of Copenhagen. FLD is focused on
research, education and consultancy services in the area of forest, landscape and
planning. The research center has about 300 employees, seven locations throughout
Denmark with an annual budget of about 20 million Euros.
The layout of this paper is as follows. This introduction is followed by a description
of today’s fuel chip production in Denmark in Section2. Section 3 gives a brief
introduction to Vendor-Managed Inventory and other work in this field. Section 4
describes our focus areas, and the methods we use, followed in Section 5 by
computational results and then conclusions and references.

2. Fuel chip production in Denmark
The energy policy in Denmark is in constant change, mostly due to the environmental
concern. One of the objectives of its energy plans is to increase the consumption of
renewable energy by 100%. Thus, the increased use of straw and wood chips at
centralized power plants is an important initiative in the field of biomass. Based on the
biomass agreement, the power plants should use a certain amount of woods chips for
energy. For instance, the power plants were supposed to use 200,000 tonnes of wood
chips per year, which is equal to approx. 250,000 m3 s. vol, as for 2004 agreement. The
wood chips used by the power plants are produced from the Danish forest.
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Figure 1. A view of the wood chips supply chain
The supplier produces woods chips from felled trees in the forest. This can be clearcutting, thinning, or refuse from various other stand treatment forms. The Danish forest
is subdivided into different districts and each district is in turn composed with different
stands. For that reason, the chipper which produces wood chips has to move to different
districts and move from stand to stand inside a given district in order to produce wood
chips. The produced chips are then transported directly to customers (power and heating
plants) or to the storage terminal as inventory. Figure 1 presents a simplified description
of the production and distribution of wood chips. The chipper uses the route presented
in black color to produce woods chips from felled trees at different stands located in
different districts. Then the produced woods chips are transported to the terminal
storage or to power plants by full load trucks.
The production and distribution of fuel chips is very complex and difficult mostly
because of the weather condition and the high production cost. In fact, the production
cost is expensive normally because of the high relocation cost of the chipper between
districts and stands. The production capacity is highly reduced in winter time because of
the weather condition. The supplier has to meet the demand from power and heating
plants regardless of the weather condition, machine breakdowns etc. In addition, the
storage capacities at the customers are limited. This leads to a considerable mismatch
between the production and the consumption of wood chips.
In order to cope with the unbalanced supply and demand, 20% of the transported
wood chips to heating and power plants are stored for a period of time at the storage
terminal.
However, the storage cost is very high because of the extra handling cost, the dry
matter loss during storage and the high capital cost.
We propose solutions that will help the supplier to meet the demand at the
minimum production, distribution and inventory costs.
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3. Supply Chain Management and Vendor-Managed
Inventory
3.1 Supply Chain Management (SCM)
Logistics management has been recognized, only in recent past, as a very important
key in achieving competitive advantage. It can be defined as the process of managing
strategically the procurement, movement of materials and storage as well as the related
information flow through the organization and its marketing channels in a way that will
maximize the current and future profitability through the cost-effective fulfillment of
orders (Christopher, 2011).
The logistics framework aims to create a single plan for products and information
flow through the business (Harrison and Hoek, 2011; Christopher, 2011) while supply
chain management has as objective to build on that framework, link and coordinate
between the processes of the suppliers, customers and the organization itself.
It focuses on co-operation, trust and on the idea that properly managed, the ‘whole
can be greater than the sum of its parts’ (Christopher, 2011). Indeed, individual
objectives often have conflicts in the entire supply chain (Hugos, 2011). In that
direction, SCM can be defined as: “the management of upstream and downstream
relationships with suppliers and customers in order to deliver superior customer value at
less cost to the supply chain as a whole” (Christopher, 2011). It is then important to
look at the optimization of all or important supply chain activities as a whole. For our
case, the main collaborative strategy between the buyer and supplier to achieve this goal
is the vendor manage inventory (VMI).

3.2 Vendor Managed Inventory (VMI)
Vendor managed inventory is a retailer-vendor relationship where the vendor
decides on the appropriate inventory levels within bounds that are agreed by contract
with the retailer. Usually, the vendor incurs a penalty cost for items exceeding these
bounds (Darwish and Odah, 2010). The replenishment control is placed at the vendor
who is then allowed to choose the timing and size of deliveries (Andersson et al., 2010).
VMI is a pull replenishing practice that is set up to allow a Quick Response (QR) from
the supplier to actual demand. It represents the highest level of partnership where the
order placement and inventory control decisions are totally controlled by the vendor
(Tyan and Wee, 2003).
Companies that use VMI strategy may be able to reduce demand variability and
thus their distribution and inventories carrying cost. Customer will benefit from product
availability and high service level (Savelsbergh and Song 2007; Bard and Nananukul
2009) and thus can focus on their core business. However, the realization of the cost
savings opportunities is very difficult, mostly with a large number of customers. The
inventory routing problem that will be discussed later aims to solve this issue by
determining a distribution strategy that minimizes long term distribution costs
(Savelsbergh and Song 2007).

3.3 Production, Inventory, Distribution, Routing Problem (PIDRP)
One of the main challenging problems faced by supply chain managers is the
integration of production and distribution decisions when trying to optimize the whole
supply chain. At the planning level, the objective is to coordinate production, inventory,
and delivery to meet customer requirements in a way that minimizes the related costs
(Bard and Nananukul, 2010). In a vendor manage inventory relationship between the
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buyer and the supplier described previously, we defined a production, inventory,
distribution, routing problem (PIDRP) as a coordination of the production schedules and
inventory routing plans.
In general, the PIDRP seeks to coordinate the primary components of the whole
supply chain (Bard and Nananukul, 2009). It was first formulated by Lei et al. (2006) as
a mixed integer program (MIP). They solved the problem with a two-phase solution
approach that avoided the need to address lot-sizing and routing simultaneously. The
PIDRP is a very complex problem that combines a capacitated lot-sizing problem with a
capacitated multi-period vehicle routing problem. It has been proven, for large instance,
to be beyond the capacity of exact methods (Bard and Nananukul, 2010). In fact, the
PIDRP is NP-hard in the strong sense.
When the main focus is on the routing planning, the PIDRP is most similar to the
inventory routing problem (IRP) that will be discussed next and the periodic routing
problem (PRP) (Bard and Nananukul, 2010).

3.4 Inventory Routing Problems (IRP)
Given a production or distribution centre and a set of retailers or customer locations
with their demand rates, the objective of the inventory routing problem (IRP), also
called the One Warehouse Multi-Retailer Distribution Problem (Anily and Bramel,
2004), is to determine a distribution plan that minimizes fleet operating and average
total distribution and inventory holding costs without causing a stock-out at any of the
sales-points during a given planning horizon. It is a challenging NP-hard problem that
has been approached in different ways with respect to the inventory policy used at the
sale points, the restrictions on service level, and the time horizon (Aghezzaf, Raa, and
Van, 2006).
There are two type of inventory routing problem: The strategic IRP and the tactical
IRP. The goal of the strategic problem is to estimate the long-term minimum size of the
vehicle fleet required to serve the sales-points. The tactical problem focuses on routing
an existing vehicle fleet to supply sales-points whose actual demands for replenishment
can be estimated (Larson 1988).
In order to optimally get advantage of the vendor managed inventory relationship,
Bard and Nananukul (2009) described three key decisions that must be made
periodically:
1. Selection of customer to visit each period. It may be best to schedule a delivery
for a stock replenishment rather than just to meet the periodic demand.
2. The quantity to deliver to each customer
3. The construction of routes.
Deterministic Inventory Routing Problems (DIRP). Most of the IRPs have been
solved by deterministic models, particularly for real size systems (Popović, Bjelić, and
Radivojević 2011). Deterministic IRP consider parameters such as demand and travel
time constant over the planning time horizon which is generally not the case for real
problems. However, deterministic models are important and useful for many cases.
Popović, Bjelić, and Radivojević (2011), studied the applicability of deterministic IRP
solutions to stochastic problems with planning periods of different lengths using
simulations. Their studied revealed that, solutions based on deterministic consumption
can be applied in stochastic IRP by applying and balancing emergency deliveries and
safety stocks measures.
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4. Our selected problems from the supply chain
The supply chain for fuel chip production may very coarsely be considered to have the
following components:
• Felling
•

Drying

•

Chipping

•

Storage

•

Delivery (by container)

Of these points, felling, or other treatment of forest stands, are typically done the
year before the chipping, so that the drying phase can be long enough. After chipping,
the chips are either taken to storage (20% in today's practice), or delivered directly to
the consumer. Transportation of the chips is by container, and is not treated further here.
The part of the supply chain addressed by this work is thus the chipping process.
This problem is quite complex, and have been decomposed into two major parts, with
different temporal and geographic resolution. First we should state that the variable
costs related to harvesting are in general associated with the actual harvesting, but also
to the transportation of the chipper. Inside each forest district, the chipper moves
(slowly) within and between stand on its own tracks, while between forest districts the
chipper is transported by a truck.
This means that at the top level there is a yearly production plan, with a one week
resolution, stating which stands should be harvested in a given week. The plan gives the
optimal production sequence between districts. In addition, the volume harvested should
ideally match that week’s demand. On the short-term level there is a routing plan,
showing the detailed movement of the chipper within and between stands in district.
This is illustrated in Figure 2.

4.1 Harvesting Problem Model
We define parameters which are input data to the model and variables to contain the
output of the model. The main objective is to minimize the holding and the production
routing cost. The plan is for one year and one week represent one period.
4.1.1 Parameters and variables
Sets
K
Set of districts in the forest
T
Set of periods (weeks) in the planning horizon (one year);
T0=T ∪ {0} and |T|= τ
S
Set of stands (each stand belongs to one and one district)
Parameters
Total customer’s demand in week t ( m3)
dt

rij

Production rate at stand i of district j (m3/hour)

cij

Transportation cost between district i and j (DKK)
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Figure 2. Our planning modules
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eij

Travel time between district i and j (hour)

L

Loading time of the chipper (hour)

U

Unloading time of the chipper (hour)

f

Fixed average travel time between stands (hour)

vi

Available production volume at district i ( m3)

aij

Available production volume at stand i of district j ( m3)

ρ

Initial inventory

h

Unit holding cost at the storage

G

Number of working hour per week

M

A very large number

Decision variables

Yit

1 if production is run at district i in week t,
0 otherwise

Zijt

1 if production is run in stand i of district j in week t,
0 otherwise

Vijt

1 if the chipper move from district i to district j in week t
0 otherwise

Rijt

Wit

1 if production ends at district i in week t and start at district j in
week t+1,
0 otherwise
Time in which the production start at district i in week t

It

Inventory at the storage facility at the end of period t

4.1.2 The Model
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2Vijt ≤ Yit + Y jt
2 Rijt ≤ Yit + Y jt +1

∑
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∀i, j ∈ K : i ≠ j , ∀t ∈ T
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(11)

i∈K

It ≥ 0 ∀t ∈ T0 ;

Yit ∈ {0,1} ,Wit ≥ 0 ∀t ∈ T ∀i ∈ K
R ijt ∈ {0,1} ∀t ∈ T0 ∀i, j ∈ K
Z ijt ∈ {0,1} ∀i ∈ S ∀j ∈ K ∀t ∈ T

(12)

Vijt ∈ {0,1} ∀t ∈ T ∀i, j ∈ K : i ≠ j; g=40
I0 = ρ
4.1.3 Model Description
The objective function minimizes the total inventory holding cost and transportation
cost of the chipper between districts in the forest.
Constraints (1): Inventory balance constraints
Inventory at the end of any period should be equal to the sum of the production
volume in that period and the inventory in the previous period minus the demand of that
period.
Constraints (2): Production constraints
Any stand should not be visited more than once for chipping and all the felled trees
in a stand should be chipped if visited. The visited stands in a given period may belong
to different district in the forest. Thus, more than one district may be visited in a period.
In addition, the total volume of wood chips produced at any district in the planning
period will not exceed its available production volume.
Constrains (3) to (5): Production time-sequence constraints
The production time at any district is equal to the sum of the production time at the
visited stands plus the time used to move between stands. For a given period, the time at
which the production start in a visited stand should be equal to the end of production
time of the previously visited stand plus the travel time, including loading and
unloading time, between the two stands. Constrains (4) insure there is enough time to
move the chipper from the last visited district at the end of a given period, to the first
visited district at the beginning of the next period. This time will be equal to zero if the
chipping starts at the same district in the next period. The time is reset to zero at the
beginning of each week in constraints (5).
Constraints (6) to (11): Production-routing constraints
The route is built between visited districts in the same week as well as those visited
in the different weeks and only one chipper is used for the chipping. For a given visited
district in a period, there should be only one arc coming in and one arc going out.
Constraints (12) give a definition and bound on the variables to be used as well as
the initial inventory value.

4.2 Solution method for the harvesting problem
To solve the mathematical model shown above, we encoded the model in AMPL,
solving it using CPLEX.
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4.3 Solution Method for the Equipment Transportation Problem
The model above gives a weekly harvesting plan giving which stands to harvest.
Implicit in this plan is the movement of the chipper between forest districts. Because of
the complexity and high computational time, the model does not show how to move the
chipper inside each district. An operational model which represents a special case of a
GTSP problem where the stands represent the nodes and clusters are represented by
districts was used for intra districts routing. The nodes to visit are selected from the
harvesting model. The arcs between clusters in the g-tour are fixed from the harvesting
model. To devise a plan for this, we have developed a tabu search (TS, see Glover and
Laguna, 1997) heuristic. It follows a standard TS layout, with a random starting solution
and a 2-opt neighborhood (see Croes, 1956). The tabu criterion is to keep any stands
involved in moves as tabu for TT iterations, where TT is equal to the SQRT of the
number of stands. A standard aspiration criterion of allowing moves leading to a new
best are admitted.
4.3.1 Proposed algorithm
The proposed TS algorithm is outlined in Figure 3. The notations used in the
algorithm are explained below:

R0
Rk

NB ( R k )

Initial route
Route at iteration k
The neighborhood of the current route

R best
The best route found during the whole algorithm
best −tabu
The best route in the current neighborhood that can be reached by a tabu
R
move
R best − nontabu The best route in the current neighborhood that can be reached by a non
tabu
move
The total distance of the route R
d ( R)
d best

TL
TT

α

The distance of the best route found during the whole search
Tabu list
Tabu tenure
Number of iterations

5. Computational Results
To test our methods, we generated a set of test-cases, based of varying sizes, from small
to realistic size. These were based on real production data over a 10 year period,
containing stands, districts, production volume and rate, stand size and wood type. We
also had the real consumption rate data at various heating plants in Denmark. What was
lacking was the geographical information of where each stand was located, so this was
simulated instead. We also simplified the problem to only consider one chipper (they
have two), and only one heating plant.
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Initialization
Generate an initial random route.
set R best = R 0 , d best = d ( R 0 ) .
TL = empty .
Iteration number k = 0 .
Step 1
Create NB ( R k ) and invoke the evaluation function for each neighbor of the current solution

to determine the potential new better route.
Step 2

(

{(

)

) (

best
≤ min d R best −tabu , d R best − nontabu
1. If d R

(

set R k +1 = R best − nontabu ,

{(

)

) (

best − nontabu
≤ min d R best −tabu , d R best
2. If d R

)}
)}

set R k +1 = R best − nontabu , R best = R k +1 , d best = d ( R k +1 ) ,

(

)

{(

) (

best −tabu
≤ min d R best − nontabu , d R best
3. Aspiration: If d R

)}

set R k +1 = R best −tabu , R best = R k +1 , d best = d ( R k +1 ) .
Update the TL for TT number of iterations with the edges that produced R k +1
Step 3: Set k= k + 1 and go to step 1 until the termination criteria is satisfied
Figure 3. Tabu Search for Intra District Routing
Full computational details are in Brice (2012). Here we will relate some of the
illuminating findings. We think that our tool demonstrator, in addition to produce
executable plans, can also be used to test out various potential scenarios, thus exploring
possible future trends. Of particular interest here is to look at the trade-off between
transportation cost (of the chipper), and chip storage costs. If inventory is priced
relatively high w.r.t. transportation, one might get the outcome shown in Figure 4. Here
we see that the production follows the demand exactly, varying over the planning
horizon. This results in a much smaller inventory level, around 1%, whereas todays
practice is to have around 20% inventory. The down-side of this is of course that more
transportation of the chipper is required, as the high-yield stands needs to harvested
when the demand is high, and high and low yielding stands are spread out in the various
districts.
One of the outputs from the MIP-solver is a sequencing of visits to the districts that
are to be harvested, as well as which stands in each district to harvest each visit. The
low-level TS meta-heuristic takes this information and generates a near-optimal
sequencing of the visits to the stands.
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Conclusions
We have presented a two-level wood chip production planning system. This system has
a MIP-based exact solver at the top level, generating weekly production plans over a
yearly horizon, and a tabu search based meta-heuristic solver for detailed sequencing
determination.
The present demonstrator program illustrates the potential savings in production and
inventory costs for fuel chip production in Denmark. This is easily implemented by
supplying the necessary geographical information about the location of stands, storage
areas and plants, and corresponding driving distances.
The demonstrator can also be used for analysis of what-if scenarios, getting the real
costs or savings for different possible futures, policies or actions.
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