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a b s t r a c t

In the forest industry, large volumes of residues are generated during the harvesting and lumber
production, whose re-use can increase the economic opportunities in this industry. In this sense, they
can be used as rawmaterial for some products (pellets, wood panels, among others) or as fuels for energy
production. Due to the great number of available production alternatives and involved elements, a supply
chain approach is appropriate to address this problem. Then, taking into account the particular conditions
of the forest industry in Argentina, a mixed integer linear programming formulation is proposed in order
to obtain the optimal design of the forest supply chain emphasizing the appropriate use of forest andwood
residues. Themodel determines the location and size of each production facility, the amounts of products
and residues to be generated, and all the material flows between forest sites and plants, between plants,
and between plants and customers, in order tomaximize the total benefit. This approach is suggested as a
tool to analyze the optimal configuration of the forest supply chain by assessing the viability of different
production alternatives. Through the different considered scenarios, it can be concluded that a strategic
design for the forest supply chain is required in order to achieve an efficient use of harvest and sawmill
residues.

© 2018 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

In the forest activity two big matters can be distinguished:
one focuses on forestry, particularly forest management, including
planting, growing, harvesting, etc., and another one focuses on
industrial production or the exploitation and transformation of
forest resources. This article is concerned with the second issue,
from a perspective of a supply chain (SC). The SC involves many
different production stages, processes, flows and products, and it
entails several aspects as logs and products transportation, energy
generation, lumber, paper, medium density fiberboard (MDF) pro-
ductions, amongothers. In particular, this SChas interesting oppor-
tunities for the production of second generation biofuels, options
for process integration, utilization of harvest and sawmills residues
as raw material for different final products, and many alternatives
of connections and exchanges among the involved actors. Taking
into account the global forest sector is becoming more complex,
interlinked and cross-sectoral, a detailed analysis of the available
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alternatives, the involved tradeoffs and the expected results is
justified (Heinimö et al., 2011; Hurmekosky and Hetemäki, 2013).

One aspect that characterizes the forest industry is the large
quantity of residues generated in the mechanical transformation
of wood, from harvesting to obtain final products. These residues
have not received much attention until now despite having in-
teresting applications (Uasuf and Becker, 2011). Several reasons,
such as involved volumes, required facilities, distances and logistic
costs, have affected their efficient employment.

During harvesting, residues like foliage, branches and leaves,
are generate, which can be used for producing different products.
Depending on forest supply chain design, they constitute non-
commercial material left on site after harvesting, or, sometimes,
are chipped for transporting and sent to a plant for a later use
(Vance et al., 2018). In this work, they are referred as harvesting
residues and considered as raw material for pellets and ethanol
production. Sawmill (or wood) residuals are those material gen-
erated by the mechanical transformation of logs, like bark, wood
chips, and dust. These materials are a key issue in this industry
because the generated quantity and variety constitute a big per-
centage of the raw material. Fortunately, these residual materials
can be useful as feedstock for other products, such as bioethanol,
pellets and wood panels.
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Biofuels include a wide range of fuels which are derived from
biomass. In particular, foresting and sawmill residues are an op-
tion which can be used as feedstock, benefiting the production of
second generation biofuels, i.e. fuels produced from residues of
crop and forest (Awudu and Zhang, 2012). Biofuels can be solid
(pellets or residues used for burning) and liquid (ethanol). Even
thoughnowadays fossil fuels dominate themarket, the penetration
of second-generation liquid biofuels is expected to take place by
the year 2020 in favorable circumstances, not only by economical
and availability reasons, but also by environmental conditions
(Demirbas et al., 2011).

Different articles have analyzed proposals for the production
of biofuels using forest resources. For example, Pirraglia et al.
(2013) developed a techno-economic model for the production of
torrefied wood pellets, considering critical production parameters,
and evaluating sensitivity to changes in some key parameters as
capital cost, biomass delivery costs, labor, and energy consumption
of a facility. Uasuf and Becker (2011) proposed diverse scenarios by
studying the production costs of pellets and energy consumption
using sawmills residues in the Argentinean Northeast. Pettersson
et al. (2015) proposed a geographically explicit optimizationmodel
by determining the location of the different biofuel production
units from forest biomass in Sweden.

On the other hand,Whalley et al. (2017) presented an economic
biomass SC model to estimate the costs of biomass delivery, har-
vesting and chipping of the logging residues, and transport of the
biomass chips to a biorefinery for biofuel production. Sarkar et
al. (2011) developed a detailed techno-economic model based on
demonstrated technologies currently available for producing high
quality syngas from forest biomass.Mirkouei et al. (2016) analyzed
the use of mobile refineries in combination with large-scale non-
mobile refineries to facilitate the production of biofuel near the
source of underutilized forest harvesting residues.

Forest SC design and planning are crucial for integrating dif-
ferent actors and activities. An analysis framework is required,
and mathematical modeling, mainly using mixed integer linear
programming (MILP) is a useful tool to achieve these objectives al-
lowing decisionmakers to have right insights about efficient SC de-
signs (Mishra et al., 2017). In a recent work, Mirkouei et al. (2017)
presented a literature review on techno-economic modeling and
optimization efforts targeted on biofuel supply chain from forest
biomass. They conclude that future biomass-to-bioenergy SCmust
resort to the development of efficient and effective forest biomass
supply chainnetworks. They also highlight that,more investigation
into modeling and optimization of pretreatment as a part of the
upstream segment of biomass-to-bioenergy SCs is needed. In the
same direction, Rönnqvist et al. (2015) addressed diverse open
problems in the forest industry. In particular, for SC planning they
states that even though plans for the different SC components can
be set, the main effort must be done in coordinating these plans
across units.

Some approaches have been proposed for forest SC optimiza-
tion, including the use of forestry residues and the biofuel pro-
duction from them. Mobini et al. (2013) presented a model for
the pellet SC, analyzing different raw materials. Kong et al. (2012)
considered an integratedmarket where all rawmaterials are taken
into account, including forest and sawmill residues. Cambero et
al. (2015) presented a mathematical model for the production of
heat, electricity, pellets and pyrolysis biofuel from available forest
harvesting and sawmills residues applied to a case study in Canada.
An MILP model is formulated by Troncoso and Garrido (2005) for
solving the facilities location, the freight distribution and the forest
production problem. Dansereau et al. (2014) proposed a frame-
work for forestry biorefineries to help decision-makers to identify
different SC policies for a variety of market conditions. Troncoso et
al. (2015) dealt with the SC planning problem, including different

time horizons and emphasizing the integration among production
facilities.

From the above it can be noted that, in order to achieve a
sustainable and efficient design of the forest SC, it is necessary to
consider all the actors involved and the different alternatives for
the use of residues. Previous articles integrate some production
facilities and, sometimes, residues are considered. However, to
the best of our knowledge, there are few published articles that
distinguish among residues types and its uses, and almost none
analyze the integrated design including production of traditional
products aswell as biofuels in the context of forest SC optimization.

On the other hand, in Argentina exists 1,200,000 hectares of
planted forests, being Pinus and Eucalyptus the main species
(Ministry of Science, Technology and Productive Innovation of
Argentina, MINCyT, 2013). This amount is expected to increase
and there are many possibilities and advantages to improve this
activity. In particular, the northeast region has suitable soils, high
tree growth rates, and low production costs, among other bene-
ficial characteristics, that make the forest industry attractive and
promising. Reports from public agencies also informed that more
than 70% of forest residual biomass has no use, andmost of harvest
residues are burnt, deteriorating the soil quality (Ministry of Sci-
ence, Technology and Productive Innovation, 2013). Therefore, the
study of the uses for the different harvest and sawmills residues for
adding value to the forest SC represents a challenge for academic
and industrial sectors.

In this context, this work proposes a mathematical model for
the optimal design and strategic planning of the forest SC. Different
production facilities, products and rawmaterials are considered, as
well as integrated industrial sites conforming production clusters.
These clusters are introduced in order to reduce the distances
between feasible locations, favoring the use of residues among
facilities. Forest industries are strongly related because a variety
of residues obtained from the log and lumber processes can be
used formanufacturing different products. The proposed approach
considers in detail the processing of residues from harvest areas
and sawmills. Usually, these elements are discarded, prioritizing
the main components of the production system, but in this ap-
proach, all the resources are prioritized and integrated in order to
improve the raw material consumption and ensure a sustainable
production. Also, the distribution of the rawmaterial (logs) among
the different production facilities is amodel decision. The proposed
model takes into account all these elements for a suitable assess-
ment of the total system contemplated in the forest SC, considering
the tradeoffs that affect its design. In this way, the proposed ap-
proach can be used as a tool for analyzing and designing the forest
SC from a strategic perspective, where a key element is the suitable
utilization of the different generated residues. Finally, this study
is based on geographic and technical parameters of the northeast
region of Argentina, but this model can be easily adapted to other
geographical locations.

Thepaper is organized as follow: thenext section introduces the
problem, analyzing the different production facilities involved. The
optimization model is presented in Section 3. Section 4 describes
the SC problems addressed in this article, whose results are shown
in Section5. Finally, Section6presents the conclusions of thiswork.

2. Problem statement

A centralized forest SC, which raw material is bought from di-
verse sites that do not belong to the SC firm, is considered. Several
production options and uses for harvest and sawmills residues are
taken into account from a strategic perspective.

The forest SC considered in this work involves three echelons:
harvest areas, productions facilities and consumer regions. Harvest
areas are sites that provide logs, belonging to pinus taeda species, of
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Fig. 1. Forest SC: feedstock, products and residues links among different network nodes.

different diameters. According to the Food and Agriculture Organi-
zation of the United Nations (FAO, 2006), from the trees cut down
in these areas, 38% stays in the forest as harvest residues (branches,
stump, sawdust and foliage). From the total harvest residues, it is
assumed that 40% must stay in the forests in order to preserve the
soil structure and quality. The remaining 60% can be used as raw
material for pellets and ethanol production.

Four types of production facilities are considered in this work:
sawmills, ethanol, medium-density fiberboard (MDF), and pellets
plants. Different possible locations are proposed for each type
of plant, such that, the model determines simultaneously plant
installation, type, location, and size. Diverse flows exist among
SC nodes, taking into account the raw materials, residues and
products considered. The logs for sawmills production and those
required as raw material for MDF plants are obtained from har-
vest areas, while the residues from these sites can be used for
ethanol and pellets production. Raw material cost is considered
as well as transportation cost from harvest areas to production
plants. Sawmills generate different residues during their operation.
Taking into account the usual productions conditions in the studied
region, these residues represent the 55% of the logs that arrives to
the sawmills: 8% is converted into bark, 18.5% intowood chips, 13%
into firewood chips, 12% into sawdust and 3.5% are remains. These
sawmills residues can be utilized as rawmaterial for pellet, ethanol
and MDF production, or, as fuel for the boiler in the same sawmill.
Sawmills residuals can be also sold to third parts, but minimum or
maximum demands are not considered for them.

For each residue considered in this work, the moisture content
(MC) is adopted as an average amount because the approach refers
to strategic design and planning of supply chain. From the tactical
and operational points of view, MC must be considered in order to
evaluate the product and cost quality (Acuna et al., 2012). Detailed

studies regarding to MC impact on operation and transportation of
wood biomass were presented by Sosa et al. (2015a) and Sosa et al.
(2015b).

It is assumed that two lumber types are produced in sawmills:
one of better quality with a specific level of moisture content
used for construction or furniture production, and the other one,
without humidity requirement, usually dried in outdoor weather
conditions, employed, for example, for pallets.

MDF panels are produced through the agglomeration of ligno-
cellulosic particles (wood chips, firewood chips, sawdust). On the
other hand, hydrolysis fermentation is assumed for the ethanol
production. All products are sent to consumer regions to fulfill
maximum specific demands.

In this work, thermal energy for lumber and ethanol processes
is generated through pellets, which can be used as solid fuel in
the boilers. In the case of sawmills, their residues are also used
as energy source, while for ethanol facilities, the potential energy
sources are pellets and liquid fuels acquired from external suppli-
ers.

Fig. 1 shows the possible relations among SC facilities, while the
model elements and their links are resumed in Table 1. It can be
noted that ‘‘sales to third parts’’ represent the sawmills residues
sold when they are not utilized for energy or production.

3. Mathematical model

In this Section, the mathematical model for the optimal design
of the forest SC is formulated. The objective function, the mass
balances between the different SC echelons and among facilities,
and the design equations are presented. The symbols used for
sets, parameters and variables are described in the Nomenclature
section.
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Table 1
Relationships among facilities, raw materials, sources, fuels, and products.

Type of facility Raw material Source of raw
material

Fuel Product Sawmills
residues

Sawmill Logs Harvest areas Sawmills residues,
pellets

Lumber Wood chips,
firewood chips,
bark, sawdust.

MDF Logs, wood chips,
firewood chips,
sawdust

Harvest areas,
sawmills

– MDF –

Pellets Harvest residues,
wood chips, firewood
chips, bark and
sawdust

Harvest areas,
sawmills

– Pellets –

Ethanol Harvest residues,
wood chips, firewood
chips and sawdust

Harvest areas,
sawmills

Pellets, external fuels Ethanol –

It is assumed that there are different types of rawmaterial r, for
example diverse log diameters, at each harvest area s. Production
facilities f (f1 = sawmills, f 2 = MDF, f 3 = pellets, f 4 = ethanol)
can be located at proposed locations l, to supply several products
to the different consumer regions k. Each installed facility adopt a
maximum capacity t. C(f) defines the set of plants f that can use
logs as rawmaterial, i.e. sawmills and MDF facilities. As more than
one product can be produced in certain plants, p is used for defining
the product and V(p,f) states the relation between the products p
produced in each facility type f. In this work, V(p,f) considers that
lumbers of types p1 and p2 are produced in sawmills (f1), while
MDF p3, pellets p4 and ethanol p5 are produced by facilities f2, f 3
and f4, respectively. D(f) represents the set of plants f that can use
residues as raw material, i.e. pellets and ethanol facilities in this
model. R(q,p) states that sawmill residue q can be used for product
p as rawmaterial. In this work, R(q,p) considers that woodchips q1,
firewood chips q2 and sawdust q4 are raw materials for products
p3, p4, and p5, while bark q3 can be only used for product p4.

The objective function considers the profit (Pf) maximization
given by the incomes from salesminus investment (Ic), production
(Pc), energy (Ec), transportation (Tc) and raw material (Rc) costs
considering a period of one year:

Pf = I − Rc − Tc − Ic − Ec − Pc (1)

In Eq. (2) the income, I, is calculatedmultiplying the amounts of
produced product p in plant f located in site l and sold to customer
k (Qplkpf ) and residues q generated at sawmill located in l (Bslq)
delivered to consumers by its selling price (Spp for product p, Sbq
for sawmill residue q):

I =

∑
l,k,p,f

(p,f )∈V (p,f )

Qplkpf Spp +

∑
l,q

BslqSbq (2)

Rawmaterial cost corresponds to the amount of purchased logs
for lumber and MDF productions multiplying by its unitary cost
Crmrs:

Rc =

∑
s,l,r,f ,p

(p,f )∈V (p,f )
f∈C(f )

CrmrsQlslrfp (3)

Transportation cost includes the amount of logs (Qlslrfp), prod-
ucts (Qplkpf ), and sawmill (Br ll′qfp) and forest (Qr slfp) residues
delivered between SC nodes, and pellets transported for energy
production to ethanol plants (Qpell′ ) and to sawmills (Qbll′ ). It is cal-
culated multiplying the amount of these materials by the distance
between the involved nodes (drf sl: distance between rawmaterial
sites and facilities; dff ll′ : distance between facilities; dfc lk: distance
between facilities and consumer regions) and the relative cost
(Ctrmr , raw material transportation cost; Ctrf and Ctrq residues

transportation cost for forest and sawmill residues q, respectively;
Ctpp product transportation cost) depending on the characteristics
of the shipped material (volume, moisture, etc.):

Tc = Ctrm
∑

s,l,r,f ,p
(p,f )∈V (f ,p)

f∈C(f )

Qlslrfpdrfsl +
∑
s,l,f

f∈D(f )

CtrfQrslfpdrfsl

+

∑
l,l′,q,f ,p

(p,f )∈V (p,f )
(q,p)∈R(q,p)

CtrqBrll′qfpdffll′

+

∑
l,k,p,f

(p,f )∈V (p,f )

CtppQplkpf dfclk

+ Ctpp4
∑
l,l′

(Qpell′ + Qbll′ )dffll′

(4)

The annualized investment cost is given by the power law
expression on unit capacity (Ravermark and Rippin, 1998):

Ic =

∑
l,t,f
t∈Tf

CCFftαf
(
Plmaxtf

)βf wltf (5)

where CCF ft represents the capital charge factor on the time hori-
zon (one year), which includes amortization and maintenance
terms of each facility type, andαf andβf are cost coefficientswhich
dependon the type of plant. For each installed facility f, amaximum
production capacity is selected, Plmaxtf , from a set of discrete sizes.
Finally,wltf is a binary variablewhich indicates if facility f is located
in site l with capacity t.

In the local context, the boilers of sawmills are fed with harvest
and sawmills residues, as well as boilers for ethanol plants which
also use liquid fuel if it is necessary. Then, the cost of the fuel
bought fromexternal sources to produce thermal energy in ethanol
facilities, is calculated multiplying the quantity of necessary liquid
fuel (lf l) by its unit cost (cf ) as it is expressed by Eq. (6).

Ec = cf
∑

l

lfl (6)

Production cost involves the operation costs of the installed
plants that depend on their production capacity t:

Pc =

∑
l,p,t,f
t∈Tf

(p,f )∈V (p,f )

PltfpCpptf (7)

where Cpptf represents the production cost for product p in a plant
f of capacity t, and Pltfp is the produced amount of each product.

Following, the different constraints included in the model are
presented. Eq. (8) states that each raw material r, in each harvest
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area s, has a limited availability, Maxrmsr . This value is a model
parameter provided by the set of forest companies involved in the
SC. Then, the logs utilized by production facilities (Qlslrfp) cannot
exceed the available capacity:∑

l,f ,p
f∈C(f )

(p,f )∈V (p,f )

Qlslrfp ≤ Maxrmsr ∀s, r (8)

It is assumed that the rawmaterials proceed from the same tree
species that predominates in the studied region, varying only its
diameter. Thus, r corresponds to the different considered sizes.

Residues generated in the harvest areas are assumed to be
proportional to the quantity of consumed logs according to the
parameter fr, following provided by the Food andAgriculture Orga-
nization of the United Nations (FAO). The total amount of harvest
residues utilized by ethanol and pellets facilities as raw material,
Qr slfp, must not exceed the available quantity.∑

l,r,f ,p
f∈C(f )

(p,f )∈V (p,f )

Qlslrfpfr ≥

∑
l,f ,p

f∈D(f )
(p,f )∈V (p,f )

Qrslfp ∀s (9)

In order to represent the effect of production scale on the
process, for each facility f, a size t must be selected from a set Tf
of available capacities. Then, the capacities for sawmill, ethanol,
pellets and MDF facilities are determined using discrete sizes,
which are relatedwith the equipment dimension employed at each
plant.

Sawmills and MDF plants utilize logs from harvest areas as
raw material, which are converted into final products according
to a conversion factor cpr . This parameter represents the process
productivity.

Residues from sawmills can be used as raw material for MDF,
pellets and/or ethanol, and converted into final products according
to the conversion factor ybqp. Besides, residues can be used as raw
material for pellets and ethanol according to the conversion factor
yrp.

Therefore, the total production of each product p in each facility
(Pltfp) considers the total amount of raw material: logs (Qlslrfp),
forest residues (Qr slfp) and sawmill residues (Br ll′qfp) that arrives
at facility f in location l multiplied by the appropriate conversion
factors Eq. (10).∑
t∈Tf

Pltfp =

∑
s,r

f∈C(f )

cprQlslrfp +

∑
l′,q

(q,p)∈R(q,p)

ybqpBrll′qfp

+

∑
s

f∈D(f )

yrpQrslfp ∀l, (p, f ) ∈ V (p, f ) (10)

As was previously defined, the binary variable wltf is equal to 1
if facility f is installed with capacity t at site l:

wltf =

{
1 if facility f with capacity t is installed at site l
0 otherwise

If a plant f with size t is located, then the total production
cannot exceed its maximum capacity, Plmaxtf :∑

p
(p,f )∈V (p,f )

ρpPltfp ≤ Plmaxtf wltf ∀l, f , t ∈ Tf (11)

where ρp correspond to productivity factors that consider different
production rates of the products. At most one size is selected for
each production facility type at location l:∑
t∈Tf

wltf ≤ 1 ∀l, f (12)

Eq. (13) defines the quantity of each type of residue generated
in sawmill located at site l. The total amount of logs used for lumber
production is multiplied by a conversion factor (cbq) to obtain the
quantity of each type of sawmill residue (Blq):

Blq = cbq
∑
s,r,p

(p,f )∈V (p,f )

Qlslrf1p ∀l, q (13)

The different sawmill residues can be used as raw materials for
pellets, MDF and ethanol production (Br ll′qfp), as fuels for boilers
(Bblq) in the same sawmill or can be sold to third parties (Bslq).
These amounts must not exceed the produced quantity in each
sawmill:

Blq ≥

∑
l′,f ,p

(p,f )∈V (p,f )
(q,p)∈R(q,p)

Brll′qfp + Bblq + Bslq ∀l, q (14)

As was mentioned in the previous section, the difference be-
tween both lumber types (p1, p2) considered in this model, is that
p1 requires drying by artificial heat and brushed, while p2 is dried
with natural air. Suppose that a portion fl of lumber type p2 is also
dried through heat from boilers taking advantage of the technical
conditions of sawmills. Then, as thermal energy in sawmills is
generated by boilers fed with sawmills residues (Bblq) and pellets
(pbl′ l), the quantity of different fuels q and pellets, multiplied by
their calorific capacities ccq and ccp, respectively, must satisfy the
total energy required for drying the lumber:

ed
∑

t
t∈Tf

(Pltf1p1 + Pltf1p2 fl) ≤

∑
q

ccqBblq + ccp
∑
l′

pbl′ l ∀l (15)

where (ed) is a model parameter that represents the energy re-
quired for the lumber drying process.

Pellets can be used as fuel in other facilities or be sold to satisfy
market demands. The amount of pellets sent to ethanol facilities
(Qpell′ ), to sawmill boilers (Qbll′ ) and sold to customers (Qplkp4f 3)
must be less than the produced amount (Pltf 3p4), as states Eq. (16):∑

l′

Qpell′ +

∑
l′

Qbll′ +

∑
k

Qplkp4f3 ≤

∑
t

t∈Tf

Pltf3p4 ∀l (16)

The required thermal energy in each ethanol facility is propor-
tional to the ethanol production, and it can be fulfilled with two
possible sources: pellets (Qpel′ l)or external fuels (lf l):

ef
∑

t
t∈Tf

Pltf4p5 = ccp
∑
l′

Qpel′ l + lfl ∀l (17)

where the parameter ef represents the energy conversion factor.
Eq. (18) states that the product provided from the different

facilities (Qplkpf ) to each consumer region k cannot exceed their
maximum demand (Dmaxkp)∑

l,f
(p,f )∈V (p,f )

Qplkpf ≤ Dmaxkp ∀k, p (18)

The total amount of each product sent to consumers regions is
limited by its production in each facility, as it is posed in Eq. (19).∑

t
t∈Tf

Pltfp ≥

∑
k

Qplkpf ∀l, (p, f ) ∈ V (p, f ) (19)

Finally, themathematicalmodel for the optimal forest SC design
consists in the maximization of the net benefit, given by Eq.(1)
subject to Eqs. (2)–(19).
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Table 2
Maximum demands of each final product in the different consumer regions (k1–k4).

Lumber [m3 year−1] MDF [m3 year−1] Pellets [t year−1] Ethanol [m3 year−1]

Type 1 Type 2

k1 9000 15000 90000 85000 90000
k2 20000 60000 200000 150000 100000
k3 38000 65000 380000 180000 320000
k4 75000 9000 550000 75000 550000

4. Case study

The proposedmodel is applied to the design of a forest SC in the
northeast and center regions of Argentina. In the first region, large
areas of forested landwith commercial species are available, while,
the principal consumer zones are located in the central region
(IERAL, 2011).Model parameters and someassumptions are proper
of the Argentine forest industry.

The model assumes eight available harvest areas, s1–s8 with
two types of raw materials (r1 and r2), which vary according to
the log diameter. A total of nineteen possible locations for produc-
tion facilities are assumed: in harvest areas (l1–l4 next to s1–s4
respectively, l5–l7 next to s6–s8 respectively, and l8 close to s5), in
consumer regions (l12–l15) or in sites located inmedium distances
between harvest and customer zones (l9–l11, l16–l19). For each
plant type, a set of three capacities are considered: t1 (greater
capacity), t2, and t3 (smaller capacity). Therefore, the production
and investment costs vary according to the selected size. Yields and
conversion rates are assumed equal for all sites depending on the
used rawmaterial. Forest and sawmills residues conversion factors
can be derived from Section 2, where the proportions were stated.

Four consumers regions are selected, located in the center of
the country, namely k1, k2, k3 and k4, located near to l12-l15,
respectively. Fig. 2 shows the locations for each raw material sites
and customer zones, which are also possible locations for facilities
installation, as well as the remaining proposed sites fir facilities
installation (l9-l11 and l16-l19). Table 2 shows the maximum de-
mands of lumber, MDF, pellets and ethanol for each region; these
values were based on average data from the Ministry of Agricul-
ture, Livestock and Fishing of Argentina (2013).

Ground transportation through trucks is assumed. Costs vary
according to the material transported: 0.045 $ (t km)−1 for raw
material, 0.118 $ (t km)−1 for harvest and sawmills residues, 0.055
$ (m3km)−1 for lumber and MDF, 0.11 $ (t km)−1 for pellets,
and 0.126 $ (m3 km)−1 for ethanol. Costs and selling prices were
determined considering values from the Argentinean forest indus-
try (INTA, 2013; Ministry of Agriculture, Livestock Fishing, 2012;
IERAL, 2011), except the ones related to ethanol production which
were taken from the literature (Wei et al., 2009). It is assumed that
rawmaterial cost does not vary with the geographical location and
is equal to 23 $ t−1 and 29.23 $ t−1 for r1 and r2 respectively.
Sawmill residues selling prices are equal to 14.11$ t−1 for wood
chips, 7.06 $ t−1 for firewood chips and 3.18 $ t−1 for bark and for
sawdust. The external fuel cost is equal to 1.096 10−6 $ kj−1, the
adopted values for the calorific capacity are 1.92 104 kj kg−1 for
pellets, 9.61 103 kj kg−1 for bark, 1.07 104 kj kg−1 for wood chips,
1.25 104 kj kg−1 for sawdust, and 104 kj kg−1for firewood chips. The
required energy in each case is 1.51 106 kj m−3 for lumber drying
and 1.28 107 kj m−3 for ethanol production.

The proposedmodel is solved considering these parameters and
those displayed in the Appendix Section. Results are analyzed in
detail, emphasizing the distribution and employment of residues.
Also, some model parameters are varied in order to highlight the
capability of the proposed approach to solve different production–
distribution scenarios and to represent the involved trade-offs.

The proposedmodel has been developed to analyze specific and
realistic problems of the involved region, although these examples
have been prepared only to show themodel capabilities on simpli-
fied scenarios.

Fig. 2. Locations for harvesting areas, customer zones and plant locations.

5. Results and discussion

In order to analyze the impact of the different considered ele-
ments over the SC configuration and test the model performance,
the results of the aforementioned case study are presented. This
example and those corresponding to model parameters variations,
were formulated and solved in GAMS (Brooke et al., 2012), version
24.1.3 with a 2.8 GHz Intel Core i7 processor. The CPLEX 12.5.1
solver was employed for solving the MILP formulations. The mod-
els involve 7770 continuous variables, 304 binary variables and
2095 constraints. In all cases, the optimal solution was obtained
in around one minute.

5.1. Example

The optimal SC design for the model parameters presented
in Section 4 is described in Fig. 3. As it can be noted from the
figure, there is a trend to install different production facilities
forming clusters, even though there is no location that includes the
four types of facilities. Most facilities are located in harvest areas,
avoiding the raw material transportation cost. The total benefit is
$ 156,900,000, and the detailed list of sales and costs is shown in
Table 3. The available amount of logs is completely used by MDF
facilities and sawmills, while the residues from harvest areas are
totally consumed by the pellets and ethanol production (Table 4).
Taking into account that these residues have no acquisition cost
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Fig. 3. Optimal SC configuration.

Table 3
Economic report for the different studied cases.

Millions per year

Sales
Lumber 50.88
MDF 418.57
Ethanol 58.98
Pellets 7.09
Sawmills residues 0.00
Investment cost
Sawmills 0.89
MDF 56.25
Ethanol 10.10
Pellets 0.27
Production cost
Sawmills 26.44
MDF 226.19
Ethanol 18.88
Pellets 2.39
Transportation costs 37.19
Net Benefit 156.91

and only the transportation cost to production plants is considered,
they are employed by facilities located near the place where they
are generated. Therefore, their use is very attractive and represents
a great opportunity to reduce the onsite burning of this material.

Table 5 shows the installed capacities for each facility and the
site where they are located. It can be observed (Table 4) that a total
of 250,152 m3 of lumber, 1,180,000 m3 of MDF, 28,963 t of pellets
and 50,000 m3 of ethanol are produced. The installed capacity is
fully used in the case of MDF and ethanol facilities, while 99%
and 72% of the total capacity are utilized for sawmills and pellets
facilities respectively. In the later case, it is important to notice that,
due to investment cost of pellets facilities, is most profitable install

Table 4
Demand satisfaction, production and feedstock use.

% of supplied demand
Lumber 86%
MDF 98%
Pellets 6%
Ethanol 5%

% of used rawmaterial 100%

% of used residues 100%

Production

Lumber [m3 year−1] 250152
MDF [m3 year−1] 1180000
Pellets [t year−1] 28963
Ethanol [m3 year−1] 50000

two plants in locations close to rawmaterial than a bigger one and
transporting the raw material to that plant.

The maximum demands for MDF is 98% satisfied, while 86% of
lumber requirement is fulfilled, providing the total demand of type
1 and72.6% of type 2 lumbers. Only 5%of themaximumdemands of
pellets and ethanol are fulfilled.MDFdemand is not totally satisfied
because the installation of an additional facility for covering the 2%
of unsatisfied demand is not profitable. Ethanol facility is installed
in a strategic point, close to different raw material sources, to
reduce the transportation cost.

The residues generated in sawmills are distributed among the
diverse facilities.Wood chips, firewood chips and sawdust are sent
to nearby ethanol and MDF facilities (Fig. 4). The other sawmill
residue, the bark, is used for generating the necessary thermal
energy for the sawmill where it is produced, and the remaining
material is utilized for pellet production. The total production of
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Fig. 4. Optimal distribution of sawmills residues to the different sites where they are utilized.

Table 5
Optimal facilities location and adopted sizes in the studied case.

pellets is sold to consumers, i.e. they are not used as fuels for
boilers.

Table 5 shows the facilities capacity and location. It worth to
highlight that all sawmills are installed close to a harvest area in
order to reduce the log transportation costs. Moreover, with the
aim of taking advance on the use of sawmills residuals, the other
plants are located in the sites where sawmill are installed. In case
of site l8, a sawmill of the biggest capacity is installed for supplying
its residues to MDF facility located at l6 which has also the biggest
capacity production. MDF plants located in l14 and l18 use only
logs for its production, which are transported from the nearest
raw material sites. The use of these materials allows valorizing
elements that previously were scarcely utilized or discarded, and
now add value to the entire SC.

5.2. Model performance

The configuration and the operations of the optimal SC strongly
depend on the values adopted by the different parameters. In order
to evaluate how the model responds to model parameter changes,
someproblemdata aremodified from the previous example, one at
a time. In this way, different solutions are obtained and the model
capabilities are tested.

Scenario a: The lumber selling price is increased by 25% respect
to the original value. Some characteristics of the optimal solu-
tion for this scenario are displayed in Table 6. The raw material
and residues are completely utilized. The total benefit is equal

to 169,000,000 $ year−1. The MDF production keeps the same,
ethanol decreases to 45,380 m3 year−1, pellets production slightly
increases to 29,582 t year−1 and lumber augments to 270,000
m3 year−1. Comparing to the previous example, the sites where
facilities are located (Table 7) are not modified as well as the sizes
of the different plants except for the sawmill located in the site l 3,
which increases its production. Although the lumber price is better
than before, the total demand is not fulfilled because to achieve
this, it is necessary to install another sawmill that is not profitable
due to the economy of scale. On the other hand, asMDF is themore
profitable production, there is a tradeoff between both productions
(lumber and MDF) for the use of logs. The ethanol production is
reduced because a greater amount of sawmills residues are now
sent to MDF facilities in order to replace the logs that are utilized
for lumber production.

Scenario b: The rawmaterial availability decreases 25%. As themore
profitable production is MDF, its production amount remains the
same, while lumber is reduced by 90%, ethanol by 38% and pellets
by 30%. All the raw material and the residues are utilized. The
total benefit is 124,000,000 $ year−1. Due to the reduction of logs
availability, a lower amount of this raw material is sent to the
only installed sawmill. This plant has a medium size. Ethanol and
pellets facilities are located in the same places as before, the latter
installed with less capacity (Table 7).

Scenario c: in order to analyze the possibility of a change in the price
of MDF, its selling price is decreased by 25%. Again, all logs and
residues are utilized. The benefit is equal to 61,000,000 $ year−1

representing a reduction of 60% respect to the initial presented
Example. The lumber demands is totally fulfilled, while MDF de-
mands are 83% satisfied (Table 6). The pellets production does
not vary considerably and the quantity of ethanol increases 33%,
installing a facility with greater capacity in the same site that the
previous cases (l2).

In this case, the lower selling price for theMDF turns the lumber
production more economically attractive, and its maximum de-
mand is fulfilled. Also, greater amounts of sawmills residues are
generated and used for increasing ethanol production, instead of
sending them to MDF facilities. This situation is reflected in the
percentage of fulfilled MDF demand, which is reduced compared
with the initial presented Example.

Scenario d: With the objective of analyzing SC changes when
demands are modified, all product maximum demands are 25%
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Table 6
Production and demand satisfaction of different studied scenarios (a–d).

Scenario a Scenario b Scenario c Scenario d

% of supplied demand
Lumber 93% 10% 100% 100%
MDF 98% 98% 83% 100%
Pellets 6% 4% 6% 9%
Ethanol 4% 3% 6% 6%

% of used rawmaterial 100% 100% 99% 83%

% of used residues 100% 100% 100% 100%

Production

Lumber [m3 year−1] 270000 28250 291000 218250
MDF [m3 year−1] 1180000 1180000 1000000 900000
Pellets [t year−1] 29582 20492 29136 34002
Ethanol [m3 year−1] 45387 30946 66556 50000

Benefit [Millions per year] 169.7 123.8 60.8 127.3

Scenario a: lumber price is increased. Scenario b: raw material availability is decreased. Scenario c: MDF selling price is
decreased. Scenario d: demands are increased.

Table 7
Facilities location and adopted sizes for the different scenarios.

reduced. The optimal benefit is now equal to 127,000,000 $ year−1,
20% less than the Example presented in Section 5.1. The lumber
production is enough to fulfill the total demand. Also, the maxi-
mum demand of MDF is satisfied. Ethanol production remains the
same, while pellets production is equal to 34000 t year−1. This
last amount is increased due to the reduction of MDF production.
Now, a greater amount of sawmills residues are available and
used for pellets production. The raw material is not completely
utilized (Table 6) and this situation generated changes in the SC
configuration where some facilities locations are modified. The

ethanol facility is installed in a place (l 2) where the total amount
of logs is utilized by sawmills and MDF plant, facilitating residues
transportation and reducing this cost. Pellets facilities are installed
in the same sites but both of them with greater production capac-
ity. Sawmills residues are totally utilized as rawmaterial, but in this
case, they are used for pellets and ethanol productions since MDF
only utilizes logs. The generated harvest residues are also totally
consumed.

The SC configuration varies according to the considered values
for different parameters. The location of each facility is a critical
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Table A.1
Model parameters for facilities.

MDF Pellets Ethanol Sawmills

t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3

Maximum installation
capacity
[m3 year−1]

250000 150000 100000 26000 a 20000 a 13000 a 100000 70000 50000 54000 36000 18000

Production cost [$ m−3] 168.00 160.00 152.00 81.00 b 82.40 b 84.00 b 341.47 354.61 359.86 Lumber type 1 52.09 52.62 53.65
Lumber type 2 43.57 43.85 44.70

a Unit: [T year−1].
b Unit: [$ T−1].

Table A.2
Available logs at each raw material site.

s1 s2 s3 s4 s5 s6 s7 s8
Logs of r1 135000 117000 117000 117000 33750 33750 67500 67500
Logs of r2 195000 169000 169000 169000 48750 48750 97500 97500

point in this type of industry, mainly due to the use of harvest and
sawmills residues as rawmaterial. Through the studied cases, it can
be noticed that the use of these materials is a feasible alternative,
but supply chain needs to be strategically designed. In this sense,
the model represents a simply but useful tool for analyzing differ-
ent production and distribution scenarios for planning the use of
different raw material types and resources.

6. Conclusions

In this work, a MILP model for the optimal design of a forest
SC is proposed. The approach highlights the employment of forest
and sawmills residues and how this use affects to the processes
integration, adding value to the overall SC. The approach was
implemented taking into account the characteristics of the forest
industry in the northeast region of Argentina. Different cases were
analyzed in order to identify and showcapabilities of the proposed
framework.

Taking into account the objectives of the proposed formulation,
the results were very encouraging. First of all, an appropriate rep-
resentation of the forest supply chain from a strategic perspective
was attained. Second, an adequate treatment of the problem of
forest residues allowed taking advantage of these resources.

The presented formulation allows simultaneously assessing key
elements and their tradeoffs for the development of this econom-
ical sector. The effects of different decisions about plant locations
and cluster conformation, production scale, products profitability,
etc., can be evaluated and the tradeoffs among them are appropri-
ately considered. Thus, the proposed approach represents a useful
tool for analyzing different forest SC scenarios in order to improve
the efficiency and productivity of this industry and adding value to
the entire system.

Taking into account that the residues employment is a key
objective of this work, results show that their use is a profitable
alternative. Also, the production of ethanol is a new encouraging
option, but it largely relies on the considered context (for example,
prices).

Obviously, all presented results strongly depend on model pa-
rameters, mainly costs, prices, availabilities, considered products,
among other. However, this work is presented as a framework that
allows the analysis of different scenarios and, therefore, results
should be considered in relation to the adopted assumptions under
specific contexts. The proposed formulation can be modified to
easily consider new alternatives.

Table A.3
Yields and conversion rates.

Lumber
[m3 T−1]

MDF
[m3 T−1]

Pellets
[T T−1]

Ethanol
[m3 T−1]

Logs 0.262 0.972 – –
Harvest residues – - 0.360 0.121
Wood chips – 0.810 0.468 0.157
Firewood chips – 1.053 0.410 0.138
Bark – - 0.468 0.157
Sawdust – 1.296 0.576 0.194

Table A.4
Economic parameters for installation cost.

αf 1 2399.0000
αf 2 52780.3000
αf 3 3205.7000
αf 4 136100.0000
βf 1 0.6000
βf 2 0.6000
βf 3 0.6000
βf 4 0.6000
CCF ft 0.1125
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Nomenclature

Sets
f ∈ F production facilities type
k ∈ K consumers regions
l ∈ L production facilities location
p ∈ P final products
q ∈ Q byproducts
r ∈ R raw material type
s ∈ S harvest areas
t ∈ T f production facilities capacities

Parameters
cbq conversion factor logs-byproduct [t t−1]
ccq calorific capacity of byproducts [kj t−1]
CCF ft capital charge factor for facility f with capacity t
ccp calorific capacity of pellets [kj T−1]
cf liquid fuel cost [$ kj−1]
cpr conversion factor logs-products ([m3 t−1] or [t t−1])

(continued on next page)
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Table A.5
Distance from harvest area to potential facilities location [km].

l1 l2 l3 l4 l5 l6 l7 l8 l9 l10 l11 l12 l13 l14 l15 l16 l17 l18 l19

s1 0 50 80 92 223 562 939 250 56 270 268 1577 1338 1177 857 1135 650 387 1100
s2 50 0 30 42 172 512 889 200 44 170 168 1477 1238 1077 757 1037 600 337 1050
s3 80 30 0 115 150 355 732 43 74 140 138 1447 1208 1047 727 997 580 317 1030
s4 92 42 115 0 126 430 807 118 86 128 126 1435 1196 1035 715 840 555 292 1005
s5 250 200 43 118 31 177 689 0 244 30 70 1277 1038 877 557 827 410 147 835
s6 223 172 150 126 0 343 720 170 140 98 177 1092 810 427 588 1020 472 251 972
s7 562 512 355 430 343 0 511 177 556 342 344 965 726 565 245 523 285 231 765
s8 939 889 732 807 720 511 0 750 933 719 721 588 349 188 132 725 391 718 256

Table A.6
Distance between facilities locations [km].

l1 l2 l3 l4 l5 l6 l7 l8 l9 l10 l11 l12 l13 l14 l15 l16 l17 l18 l19

l1 0 50 80 92 185 562 939 250 7 118 247 1391 1273 1044 588 1136 650 387 1100
l2 50 0 30 42 135 512 889 200 47 68 197 1341 1226 994 538 1037 600 337 1050
l3 80 30 0 115 111 355 732 43 71 42 173 1317 1202 970 512 997 580 317 1030
l4 92 42 115 0 110 430 807 118 131 18 113 1257 1137 910 452 840 555 292 1005
l5 185 135 111 110 0 190 701 170 182 128 91 1262 1146 915 496 1020 472 251 972
l6 562 512 355 430 190 0 511 177 316 203 100 1072 956 725 351 523 285 231 765
l7 939 889 732 807 701 511 0 750 827 714 610 694 481 347 517 725 391 718 256
l8 250 200 43 118 170 177 750 0 288 175 75 1134 1018 787 395 868 320 120 820
l9 7 47 71 131 182 316 827 288 0 113 244 1384 1268 1037 583 1082 597 335 1097
l10 118 68 42 18 128 203 714 175 113 0 131 1271 1155 924 470 966 481 219 981
l11 247 197 173 113 91 100 610 75 244 131 0 1171 1055 824 417 1225 376 177 1055
l12 1391 1341 1317 1257 1262 1072 694 1134 1384 1271 1171 0 727 347 883 390 980 1140 660
l13 1273 1226 1202 1137 1146 956 481 1018 1268 1155 1055 727 0 350 962 636 741 1068 231
l14 1044 994 970 910 915 725 347 787 1037 924 824 347 350 0 536 181 723 804 404
l15 588 538 512 452 496 351 517 395 583 470 417 883 962 536 0 500 263 252 784
l16 1135 1037 997 840 1020 523 725 868 1082 966 1225 390 636 181 500 0 764 753 578
l17 650 600 580 555 472 285 391 320 597 481 376 980 741 723 263 764 0 285 552
l18 387 337 317 292 251 231 718 120 335 219 177 1140 1068 804 252 753 285 0 879
l19 1100 1050 1030 1005 972 765 256 820 1097 981 1055 660 231 404 784 578 552 879 0

(continued)
Cpptf production cost of products with capacity t ([$

m−3] or [$ t−1])
Crmrs raw material r cost [$ t−1]
Ctpp products transportation cost [$ (t km)−1]
Ctr byproducts and residues transportation cost [$ (t

km)−1]
Ctrm raw material transportation cost [$ (t km)−1]
Dmaxkp maximum demand of product p in region k ([m3

year−1]
or [t year−1])

dfc lk distance between facility location l and consumer
region k [km]

dff ll′ distance between facility location l and facility
location l′ [km]

drf sl distance between harvest areas s and facility
location l [km]

ed energy needed for lumber drying process [kj m−3]
ef ratio of thermal energy necessary for ethanol

production [kj m−3]
fl ratio of lumber drying by steam
fr residues generated from harvested trees [t t−1]
Maxrmsr maximum raw material r in area s [t year−1]
Plmaxtf maximum production in facility f with capacity t

([m3 year−1]
or [t year−1])

Sbq byproducts selling price [$ t−1]
Spp product selling price ([$ t−1] or [$ m−3])
ybqp conversion factor byproduct q in product p ([m3

t−1] or [t t−1])
yrp conversion factor residues-products [m3 t−1]
αf , β f investment economic factors

Binary Variables
wltf indicates if facility f in location l is installed with

capacity t
Continuous variables
Blq byproducts generated in sawmill l [t year−1]

(continued)
Br ll′qfp flow of byproducts between sawmill in location l

and facility f in location l′ [t year−1]
Bblq byproducts flow to boilers in sawmill in location l [t

year−1]
Bslq byproducts sold to third parties in sawmills in

location l [t year−1]
Ec energy cost of external fuels [$ year−1]
lf l necessary fuel in ethanol facility of location l [kj

year−1]
I incomes [$ year−1]
Ic investment cost [$ year−1]
Pc production cost [$ year−1]
P ltfp amount of product p produced in facility f in

location l with
capacity t ([m3 year−1] or [t year−1])

ρp productivity factor for product p.
Qbll′ pellets flow between pellets facility in location l

and sawmill in location l′ [t year−1]
Qlslrfp flow of raw material r from site s to produce p in

facility f in location l [t year−1]
Qplkpf flow of products p from facility f in location l to

region k ([m3 year−1] or [t year−1])
Qpell′ flow of pellets from facility in location l to ethanol

facility in location l′ [t year−1]
Qr slfp flow of residues from site s to produce p in facility f

in location l [t year−1]
Rc raw material cost [$ year−1]
Tc transportation cost [$ year−1]

Appendix. Model parameters

See Tables A.1–A.8
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Table A.7
Distance between facilities location and consumer regions [km].

k1 k2 k3 k4

l1 1391 1273 1044 588
l2 1341 1226 994 538
l3 1317 1202 970 512
l4 1257 1137 910 452
l5 1262 1146 915 496
l6 1072 956 725 351
l7 694 481 347 517
l8 1134 1018 787 395
l9 1384 1268 1037 583
l10 1271 1155 924 470
l11 1171 1055 824 417
l12 0 727 347 883
l13 727 0 350 962
l14 347 350 0 536
l15 883 962 536 0
l16 390 636 181 500
l17 980 741 723 263
l18 1140 1068 804 252
l19 660 231 404 784

Table A.8
Products selling prices.

Consumers regions

k1 k2 k3 k4

Lumber [$ m−3] Type 1 229.2 223.4 215.2 218.0
Type 2 194.5 188.7 180.5 183.0

MDF [$ m−3] 359.2 353.4 345.2 348.1

Pellets [$ T−1] 294.6 271.9 239.6 250.8

Ethanol [$ m−3] 1213.5 1199.7 1179.6 1186.6
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