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Abstract 

Forest fuel is an important source of energy with potential for increased use 

in the Nordic countries. Profitable forest operations are dependent on logistics 

as the forest is a natural resource with varying conditions over widespread 

areas. In comparison to saw log and pulp wood supply, forest fuel supply has 

to face challenges like low product value, seasonality and irregularity of 

customer demand, low bulk density and the need to process the biomass prior 

to delivery. In order to utilize both the economic potential and societal 

benefits from replacing fossil-based fuels with renewable forest fuels these 

challenges must be managed. This requires efficient long distance transports, 

with changes of transport mode typically required. 

  

This thesis examines preconditions necessary for logistic planning to achieve 

cost and energy efficient long distance transports within supply chains for 

forest fuel. The thesis has an explorative approach, including both qualitative 

and quantitative techniques. Paper I provides a review of the development 

within forestry logistics in Sweden and Finland since the beginning of the 

century, with focus on transports, terminal usage and storage related aspects. 

Paper II uses qualitative interviews to deepen the understanding of a specific 

forest fuel supply chain by focusing on communications and relations 

between the actors. Paper III is a study of  the influence of a terminal before 

maritime transport of wood chips using simulation.  

  

Paper I shows that forestry logistics faces challenges, primarily related to 

increased variations in field conditions caused by climate change. The 

importance of terminal storage for the supply of forest products will likely 

increase as an effect. Also the entrepreneurs interviewed in Paper II stressed 

the benefits of terminals in the supply chain, e.g. enhanced planning 

opportunities and a more even workflow over the year. Paper III puts cost for 

extra terminal handling in relation to storage costs in a port and demonstrates 

the importance of including variation in logistic planning. The terminal flows 

were not profitable in the case of a small port. In order to make a well-founded 

decision gains in other parts of the supply chain must also be considered, even 

when they are harder to quantify. This deserves attention in future research. 
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Sammanfattning 

Skogsbränsle är en viktig energikälla i de nordiska länderna och det finns 

potential att öka användningen. Ett lönsamt skogsbruk är beroende av god 

logistik då skogen är en naturresurs som är spridd över stora arealer och där 

förutsättningarna varierar i landet. Utöver de utmaningar som påverkar 

försörjningskedjorna för timmer och massaved måste skogsbränslesektorn 

förhålla sig till ett lågt produktvärde, stor säsongsvariation på efterfrågesidan, 

låg bulkdensitet och behov av sönderdelning inför transport. För att realisera 

de samhällsnyttor och den ekonomiska potential som finns i att ersätta fossila 

bränslen med förnybara måste dessa utmaningar hanteras. Det förutsätter 

effektiva transporter på längre avstånd, vilket normalt kräver byte av 

transportslag.  Avhandlingen studerar vilka förutsättningar som är viktiga för 

att skapa kostnads- och energieffektiva transporter över långa avstånd, 

avseende skogsbränsle. Den har ett explorativt angreppssätt och inkluderar 

både kvalitativa och kvantitativa metoder. Artikel I beskriver utvecklingen 

inom skoglig logistik i Sverige och Finland sedan år 2000. Bland 

fokusområdena finns transporter, terminalanvändning och aspekter kring 

lagring. Artikel II syftar till att fördjupa förståelsen kring en specifik 

försörjningskedja för skogsbränslen genom en intervjustudie. I fokus är 

kommunikation och relationer mellan aktörerna i kedjan. I artikel III används 

en simuleringsmodell för att undersöka hur införandet av en terminal 

påverkar logistiken vid fartygsleveranser av flisat skogsbränsle. Artikel I visar 

att den skogliga logistiken står inför utmaningar relaterade till ökande 

variationer i väderförhållanden som en följd av klimatförändringar. Som en 

konsekvens kommer möjligheten att lagra material på terminaler sannolikt 

öka i betydelse. Också i Artikel II lyfts vikten av terminallagring av de 

intervjuade entreprenörerna, som nämner ökade planeringsmöjligheter och 

ett jämnare arbetsflöde över året som fördelar med terminaler. Artikel III 

jämför kostnader för terminalhantering med kostnaderna för lagring i hamn 

och demonstrerar vikten av att inkludera variation i logistikplaneringen. 

Terminalflödena var inte lönsamma i fallet med en mindre hamn, men övriga 

studier tydliggör vikten av att inkludera effekter för hela försörjningskedjan, 

också när dessa är svåra att kvantifiera. Detta område förtjänar 

uppmärksamhet i framtida forskning.   
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1 Introduction 

1.1 Background and problem statement 

Forest products play an important role globally in supplying society with both 

renewable materials and renewable energy. The productive forest area in 

Sweden is 23.5 million hectares, which is 58 percent of Sweden’s total land 

area ('Riksskogstaxeringen - All mark'  2021), and the value of Swedish 

exports of forest products in 2021 was EUR 15.5 billion ('The Swedish export 

of goods by SITC'  2022). The forest industry also has a broad influence on 

society in the Nordic countries, and the forest cluster is the main source of 

income for many regions (Paper I). Forests and forestry also play an important 

role for the carbon balance and for biological and recreational values.  

 

Forestry in the Nordic countries is characterised by a high degree of 

mechanisation, even-aged forestry, and the use of the cut-to-length system in 

harvesting. In Sweden, wood is commonly transported from forest landings 

by self-loading trucks with a maximum vehicle weight of up to 74 tonnes. 

Forest biomass, i.e. logs and forest residues, is stored on landings, at the 

industries, and sometimes at a terminal in between. For long distances, 

bimodal transport using truck and rail is the dominating mode of transport, 

and around 9% of the total transported biomass in Sweden is loaded on trains 

for part of the transport (Asmoarp and Davidsson 2016). Sea transports are 

also used. Since all forest products start their journey on a truck at the forest 

landing, the use of train or water transport always entails at least one change 

of mode, requiring not only a terminal area with suitable equipment but also 

adequate logistics planning to manage all operations within the flow.  

       

Logistics is an important part of forest operations. Forest products are 

generally bulky, with natural variations in density. Each harvesting operation 

generates multiple products (assortments) intended for different 

customers/industries. This creates a logistical challenge, with many 

assortments from a number of widely spread areas requiring transport over 

long distances, often using the most peripheral road network for the first part 

of the truck transport, to provide continuous contract-based deliveries to 

different customers. Sawlogs are directed to sawmills that are spread 

throughout the country, pulpwood customers are large mills often located 

along the coasts, and bioenergy customers are located close to cities. While 

freshness is essential for many assortments to ensure quality, the logistics are 
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affected by both regular and irregular disturbances caused by market 

fluctuations, seasonal variation, and weather that affects road accessibility.  

 

Biofuel with many origins is a major energy source in Sweden. In 2019, 145 

TWh of bioenergy was supplied ("Energy in Sweden 2021"), with primary 

forest fuel accounting for 23 TWh of the supply ("Statistikdatabas - Production 

of comminuted unprocessed primary forest fuel"  2022). The most common 

use of biofuels is for production of district heating, often combined with 

energy production in combined heat and power plants (CHPs). Because a 

large portion of the energy goes to heating, demand essentially follows the 

outdoor temperature, with peaks in wintertime.  

 

Forest fuel is produced from different residue streams, and is significantly less 

valuable than other forest assortments. Harvesting the energy is an option 

when the trees are cut for other purposes. Primary forest fuel is products that 

come directly from the forest (not by-products from forest industries). Such 

assortments are branches and tops of trees (forest residues) that would be left 

to decompose after cutting if not collected. Another common assortment is cut 

trees that do not fulfil industry requirements (for example because of 

excessive rot), and a third is small whole trees from early thinnings.        

 

The forest fuel assortment is affected by its own set of logistical challenges, 

setting the preconditions for development work within the sector.     

1. Low product value necessitates supply chain efficiency. Leaving forest 

residues in the cutting area is always an option if procurement costs 

exceed price. Such strategic decisions are made under conditions of 

uncertainty long before the product is ready for delivery and the price set.    

2. The seasonality and irregularity of demand for heat production, with 

peak demand at the time of year when dry material is most difficult to 

provide and when forest roads are sometimes inaccessible.  

3. Low bulk density. This primarily applies to logging residues and tree 

sections, but also the volume of comminuted residues is often limited 

during transport.     

4. The need for processing, i.e. comminution, of the material prior to 

delivery to customers differentiates forest residues from other 

assortments and necessitates adequate planning and collaboration 

between actors.      

5. The important role of storage, which can influence quality in either 

direction depending on how and when.  
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6. The market for forest fuel is constantly subject to political influence from 

legislation and policies (this aspect goes beyond the scope of the thesis).   

 

These challenges must be addressed in order to realise both the economic 

potential and the societal benefits from replacing fossil-based materials with 

renewables. Acuna et al. (2019) state that challenging and variable field 

conditions, long transportation distances and large forest areas distinguish 

forest fuel supply chains from other biomass supply chains, increasing the 

need for decision support systems.  

 

Because of this complexity, many different aspects of the supply chain are 

relevant subjects to study and, likewise, a variety of methods could be used. 

This has led to an explorative approach using both qualitative and 

quantitative methods to enforce openness in the field. The overall objective 

for this work has been to provide guidance and tools for the development of 

supply chains for the forest energy segment, particularly for long-distance 

supply including a change of transport mode. 

 

Aspects of sustainability regarding logistics performance 

Efficiency in the logistics system is relevant from various perspectives relating 

to sustainability. By reducing the amount of energy consumed in operations 

such as transportation and handling in the supply chain, emissions are 

reduced correspondingly (direct impact). Secondly, reducing procurement 

costs for forest products improves the competitiveness of renewable materials 

and renewable energy, provided that the forestry is sustainably managed 

(indirect impact). This derives from the relatively low value of forest fuel, 

making large volumes economically inaccessible (Ranta 2005; Athanassiadis 

and Nordfjell 2017). Thirdly, increasing the efficiency in supply chains using 

more energy efficient modes of transport, such as rail or water transport, will 

improve their competitiveness and enable larger volumes to utilise these 

modes, boosting more energy efficient supply chain alternatives (indirect 

impact).        

 

Operational aspects and the use of SCM techniques in forestry    

In recent decades, it is clear that the development and use of decision support 

tools for planning and operations has influenced forestry on many levels, 

from strategic down to operational decisions, with a special focus on 

applications within the forest fuel segment (Acuna et al. 2019; De Meyer et al. 



 

16 

2014; Kogler and Rauch 2018; D'Amours, Rönnqvist, and Weintraub 2008; 

Väätäinen et al. 2021). The great complexity of logistics planning has driven 

method development mainly within optimisation techniques but also among 

other quantitative methods such as simulation. Areas remain for development 

and implementation, such as the field of intermodal transport, where only a 

few studies have been conducted (Kogler and Rauch 2018; Acuna et al. 2019; 

Karttunen et al. 2012). However, improving physical transport flows is only 

one of many approaches regarding development of logistical processes. The 

flow of information and the structure of business processes are other areas 

that can be widened into the full concept of Supply Chain Management (SCM).  

 

As in any complex supply chain, forestry supply chains can be developed 

through all SCM processes, including all levels of logistics and transportation 

planning – strategic, tactical and operational, and information processes. The 

use of computer-based decision support tools, such as optimisation or 

simulation, is one of many available options, and such tools are sometimes 

implemented in integrated SCM systems. SCM theory has been found 

beneficial in different areas of forestry (Windisch et al. 2010) and 

improvement methods such as Business Process Reengineering (BPR) have 

been implemented (Windisch, Röser, et al. 2013; Windisch, Roser, et al. 2013; 

Eriksson et al. 2015). In some cases these are combined with simulation 

techniques (Windisch, Roser, et al. 2013).     

 

Organisational aspects in forestry supply chains 

Techniques developed in the field of SCM often require collecting information 

from the people working in the supply chain, but in-depth guidance on how 

to perform interviews or collect information is rarely provided. This may be a 

result of the often-quantitative purpose of the interviews, for example to 

answer a question on the order in which manufacturing processes are 

performed. However, it has been noted that assumed quantitative questions 

often have greater depth than first presumed. An example is when different 

interviewees in a supply chain give different, or even contradicting, 

descriptions of the supply chain processes in which they are involved 

(Eriksson et al. 2015). Quantitative information may be enough to describe the 

steps of a process if the actors can agree on it. However, addressing questions 

of why the process is performed this way, and identifying the pros and cons 

of that design compared to alternative options, requires a much more 

comprehensive material, which calls for a qualitative approach. Recent 

literature in forestry supply chain management has pointed out that 
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communication and cooperation between the actors are less developed areas 

in supply chain development, so improving these aspects could have great 

potential for improving efficiency in forestry supply chains (Eriksson et al. 

2015; Larsson, Stendahl, and Roos 2016). 

1.2 Research questions  

The main research question is formulated as follows:  

What preconditions are needed for logistics planning to achieve cost- and 

energy-efficient long-distance transports in forest fuel supply chains?    

 

To address the main question, the following sub-questions were examined in 

the studies: 

I. What is the current state of the art regarding biomass logistics in 

Nordic countries and what trends can be seen? 

II. What characterises the actors’ views on cooperation in a supply 

chain for forest fuel and what challenges can be identified? 

III. How does the use of terminals influence the logistics planning 

before rail or water transport of wood chips, and can a 

simulation approach be a practical tool in planning such logistic 

operations?     

 

1.3 Aims of the three papers 

Paper I. The aim of the first article was to describe trends in roundwood 

and biomass logistics with a special focus on transportation, 

terminals and storage in Finland and Sweden since the start of 

the 21st century, and to set this in an international perspective. 

The forestry supply chain is also the context for the case studies 

in Papers II and III, so this broad overview provides an overall 

framework for this thesis.        

 

Paper II. The second study aimed to deepen understanding of a forest fuel 

supply chain by focusing on the communications and relations 

between the actors in order to identify improvement areas and 

provide guidance for further development work. Improving the 

understanding of the people within the processes adds to the 
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overall goal of saving energy and costs in the forest fuel supply 

chain.  

 

Paper III The third paper aimed to provide guidance on efficient 

organisation of logistics at the port of loading for maritime 

transport of wood chips. The objective was to study the effects of 

using an intermediate terminal as opposed to direct delivery to 

port, as well as the relationships between production capacity 

and storage capacity. 

 

1.4 Author contributions 

Johanna Enström contributed to the papers as follows: 

 

Paper I. Responsible for data collection and analysis regarding the sections: 

Terminal Concepts and Terminal Logistics, Storage of Wood, and 

Railways. Helped to formulate the objectives and structure of the 

study together with co-authors.    

 

Paper II. Planned the study, performed the interviews, analysed the data, and 

wrote the paper. 

 

Paper III. Formulated the objectives of the study, collected data, developed 

the DES model, and analysed data together with co-authors. Wrote 

the manuscript with input from co-authors.    
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1.5 Outline 

All three papers presented have evolved around the concept of Supply 

Chain Management implemented in the part of the forestry supply chain 

involving energy assortments. The first paper provides an overview of 

developments in forestry logistics in the Nordic countries since the 

beginning of the century, with a focus on transports, terminal usage, and 

storage-related aspects. The second and third papers are dedicated to forest 

fuel supply chains that involve a modal shift. They are both case-specific 

studies aiming to contribute to general knowledge by providing detailed 

examples from different parts of the supply chains.  

 

Figure 1 schematically illustrates the focus areas and methods used in each 

article. Forest fuel logistics and multi modal supply chains are the 

applicational environment for all three papers. Paper I gives a broad 

overview of the field but excludes organisational and communicational 

aspects, which are instead given attention in Paper II based on a specific 

case. Both qualitative and quantitative methods can be of use in the 

development process of any supply chain.  

 

 
Figure 1. Focus areas, methods, and field of applications. Dark blue ovals represent the focus area or 

topic for each paper while light blue ovals represent the methods used.  
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2 Theory and Related Work 

2.1 Supply Chain Management 

A core concept of SCM is naturally the supply chain, which can be generally 

defined as actors in dependency relations to each other, through whom 

material, transactions and information flows (Mattsson 2002). The concept is 

sometimes extended to include all actors who create value and services, from 

raw material suppliers to end user, with a strong focus on the value creation 

for the end customer. Mentzer et al. (2001) define a supply chain as “a set of 

three or more entities (organizations or individuals) directly involved in the upstream 

and downstream flows of products, services, finances, and/or information from a 

source to a customer”.  In practice, it is usually not meaningful to study supply 

chains of more than two processing companies at a time, since products 

change form and essence when passing through processing companies 

(Mattsson 2002). Distributors do not usually change the characteristics of a 

product in this way, but forest fuel transporters are exceptions because they 

often comminute the material, which is an important part of processing. A 

more dramatic shift of essence is the transition from solid biofuel to heat and 

electricity in pipes and lines. Consequently, it is natural to view the heat and 

energy producing companies as end customers in the supply chain of solid 

forest fuel, and value creation in the forest fuel supply chain should therefore 

benefit them.           

 

Definitions of SCM vary between authors. According to Mentzer (2001) the 

definitions can generally be classified in one of three categories: a 

management philosophy, implementation of a management philosophy, or a 

set of management processes. Mentzer argues that the philosophical view of 

SCM, “The idea of viewing the coordination of a supply chain from an overall system 

perspective, with each of the tactical activities of distribution flows seen within a 

broader strategic context” should in fact be titled Supply Chain Orientation. This 

type of orientation in several of the companies involved in a supply chain is 

essential in order to actually implement the philosophy. The implementation 

of the Supply Chain Orientation is what should be called SCM, and activities 

typical for such implementation are: 
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1. Integrated Behaviour  

2. Mutually Sharing Information  

3. Mutually Sharing Risks and Rewards  

4. Cooperation  

5. The Same Goal and the Same Focus on Serving Customers  

6. Integration of Processes  

7. Partners to Build and Maintain Long-Term Relationships 

(Mentzer et al. 2001) 

 

SCM can also be seen as a set of processes that manage relationships, 

information, and material flows across enterprise borders in order to 

synchronously create value for the end consumer (Mentzer et al. 2001). A 

definition that captures this perspective and that has gained great acceptance 

among practitioners in the field of SCM is formulated by the Council of 

Supply Chain Management Professionals (CSCMP) “Supply chain management 

encompasses the planning and management of all activities involved in sourcing and 

procurement, conversion, and all logistics management activities. Importantly, it also 

includes coordination and collaboration with channel partners, which can be suppliers, 

intermediaries, third party service providers, and customers. In essence, supply chain 

management integrates supply and demand management within and across 

companies.” This definition is appealing because of its tangibility, and it also 

captures some of the philosophical view, even though the end customer 

perspective only appears indirectly.        

 

Methods for implementing the SCM concept have developed since the 1980s. 

The Supply Chain Operations Reference (SCOR) Model, developed by the 

Supply Chain Council, is known as a major framework for supply chain 

planning and development based on the SCM philosophy (Wang, Chan, and 

Pauleen 2010). The SCOR model, which has been developed to describe the 

business activities associated with all phases of satisfying a customer's 

demand, is organised around the six primary management processes: Plan, 

Source, Make, Deliver, Return and Enable. Other core elements are the 

performance attributes (such as Reliability, Responsiveness, and Costs) used 

for grouping measurable metrics of performance and formulating business 

strategies. Benchmarking against best practices and the redesigning of 

business processes are also included in the concept ("Supply Chain 

Operations Reference Model, Revision 11.0"  2012), and has influenced the 

entire field of performance management. A development direction is the 
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many models for Business Process Reengineering (BPR) described by Reijers 

& Liman Mansar (2005) and the Business Model Canvas (BMC) (Benjaminsson, 

Kronholm, and Erlandsson 2019). 

 

Many studies have focused more on particular challenges of designing a 

supply chain. Facility location planning, resource allocation, and routing are 

examples, and operational research has been a dominant tool (Melo, Nickel, 

and Saldanha-da-Gama 2009). This research remains close to general logistics 

planning and has been frequently applied to problems in the forestry sector 

(e.g. (Flisberg, Frisk, and Rönnqvist 2014; Gunnarsson, Rönnqvist, and 

Lundgren 2004; Kanzian et al. 2013; Gautam, LeBel, and Carle 2017). 

Operational research applications on logistical problems do not necessarily 

have a holistic SCM approach, but it is often beneficial to apply a more general 

perspective linking strategic decisions with tactical/operational ones in order 

to find the best network design rather than the location of an individual 

facility. However, creating such models is always a trade-off between realism, 

scope, complexity and solvability (Melo, Nickel, and Saldanha-da-Gama 

2009).  

 

2.2 Simulating supply chains 

Basic concept of simulation 

Simulation is a broad concept used in many research disciplines and for 

development projects in various industry applications. Using a model to 

predict a system’s reaction to certain sets of inputs instead of experimenting 

with the real system can save time and money, and can sometimes be a safer 

option. For a system that does not yet exist it might also be the only option. 

The use of simulation methods is often included as a technique under the term 

decision support tools or decision support systems (DSS). However the 

meaning of DSS can vary, from including any computational technique for 

aiding decision making (also in research applications) often including 

optimisation or simulation techniques, to a fully implemented and complex 

system for aiding business development in an operational environment, such 

as exemplified by Borenstein (1998). In this thesis a broad view of DSS will be 

applied.      

  

A system can be described using a set of mathematical and logical 

relationships based on a set of assumptions about how the system works. For 
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complex systems, an exact mathematical solution can be difficult to find, so a 

simulation program can instead be used to evaluate the model numerically 

(Law 2015). The possibility of including elements of randomness to the model 

is an advantage of the simulation technique; such simulations are referred to 

as stochastic, as opposed to deterministic models without random elements. 

Collecting and analysing data is an important part of a simulation project, 

regardless of whether the input parameters are based directly on historical 

data or the data is used to fit a probability function representing the historical 

data.     

 

The specific method used in this thesis, Discrete Event Simulation (DES), is 

just one of several types of simulation techniques. The discrete event implies 

that changes to the system occur at specific points in time, as opposed to 

continuous simulation that, for example, can be used to simulate a flow at 

different rates where the flow is continuous (Banks et al. 2010). Time is a 

critical component in both discrete and continuous simulation modelling, 

which is why these techniques are also described as dynamic – the state of the 

model changes over time.  

 

A basic concept of a DES model is entities, such as products, machines, or 

humans flowing through a system. The entities are usually assigned with 

properties called attributes, whose values can be modified by the logic of the 

model during the simulation run. The collection of values of all entity 

attributes and all other simulation variables at a specific point in time 

represents the state of that system (Law 2015).                  

 

Normally a model inherits the real system’s qualities of being discrete or 

dynamic, but using a continuous flow could sometimes be a valid 

simplification of a real system that is in fact discrete, such as products passing 

along a production line. A large number of products (entities) simulated 

individually would demand a lot of computer power and make a slow model; 

depending on the purpose of the simulation project, that level of detail might 

not be desirable. Discrete and continuous flows can be combined in the same 

model. There are also simulation techniques for more mathematical purposes 

where time is not relevant at all, so called static models such as the Monte 

Carlo model (Law 2015).  

 

A simulation model is always a simplification of the real system and therefore 

never a perfect representation. When defining the model, deciding the level 
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of detail needed is one of the most critical decisions (Rohrer 1998 in (Persson 

2003). In order to decide which simplifications can be made and which details 

to include, the purpose of the model must be clear, to guide the researcher in 

these decisions (Law 2015). This includes defining which performance 

measures will be used to evaluate the system. When modelling widespread 

systems such as supply chains the choice of detail holds special challenges, 

and it could be useful to model different parts of the supply chain at different 

levels of detail (Persson 2003). The possibility of using sub-models in 

simulation software can be a helpful way of coupling different parts of a 

simulation model. For large-scale operations the concept of High Level 

Architecture (HLA) has been developed to improve cooperation and 

harmonise the simulation model development, as in the US Department of 

Defence (Dahmann 1997); Zülch et al. 2002 in (Persson 2003).  The intent of 

the HLA is to build a structure that will support reuse of capabilities available 

in different simulations (Dahmann, Kuhl, and Weatherly 1998).   

 

A simulation project and the validation process  

Many authors have described the procedure of a simulation project. Since 

certain steps are often iterative, the order in which they are presented can vary. 

An evaluation by Persson (2003), comparing the work of nine different 

authors, shows that the following steps are most commonly addressed in 

methodologies for simulation projects. 

    

1. Formulating the problem 

2. Conceptualising the model 

3. Collecting data 

4. Translating the model – modelling 

5. Verifying  

6. Validating 

7. Designing experiments 

8. Making production runs 

9. Analysing output data 

10. Documenting  

11. Implementing 

 

The steps of verification and validation are crucial in building a useful model 

that can be trusted to represent the real system well enough to enable 

conclusions about the study’s objective. Validation generally refers to the 

process of confirming the model’s behaviour in relation to the real system, for 
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the particular objective of the study [Law and Kelton 1991]. Verification 

concerns determining whether or not the conceptual model (also referred to 

as the assumptions document) has been correctly translated into a simulation 

model, i.e. debugging the computer program (Law 2015). Balci (1994) 

expresses that validation is concerned with building the right model, whereas 

verification concerns the matter of whether the model is being built correctly. 

Gass (1983) describes the process of verification as checking for 

logical/mathematical validity. Verification can be viewed as part of the 

validation process since programming errors can be one of several causes of 

inconsistencies between the model and the real system. The validation process 

reviews all preceding steps, for example by checking if there is consistency 

between the designer’s view and the potential user’s view of the problem to 

be modelled (Borenstein 1998).   

 

The process of validation has been described frequently in literature. 

Commonly, the development team themselves make the decision of whether 

the model is valid or not, based on a number of performed tests and validation 

techniques, but the decision could also be made by a third party not involved 

in the development, which is referred to as independent validation (Sargent 

2000). Face validity is a common aspect of validity, meaning that the model 

gives a credible impression when reviewed by system experts. Other aspects 

are variable validity (sensitivity analysis of input parameters) and hypotheses 

validity (Gass 1983).  

 

For models of already existing systems there are also several steps of 

quantitative comparisons between the output of the model and the output of 

the real system, all depending on availability of real system data. A model is 

said to be predictively valid if it can match data before the data are acquired 

from the real system. Many types of statistical tests are used in this process 

(Law 2015). In many practical applications a business-as-usual scenario is 

tested in order to validate the model against historical data.  

 

Borenstein (1998) divides the validation process slightly differently, into the 

main steps of laboratory testing and field testing. The procedure is applied on 

a multi-model for decision support intended for continuous use within an 

industrial application. For research models or models of non-existing systems, 

the first part, laboratory testing, is applicable, including the steps face 

validation, subsystem validation, and verification, predictive validation, and 

user assessment. 
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Since simulation methods are often used to evaluate systems that do not exist, 

at least not in the version being evaluated, focus must be on what can be tested 

in order for the model to reach credibility, meaning that the user of the model 

has enough confidence in it to be able to use it as intended. Even though the 

complete system may not exist, all known parts or sub-models can be tested 

against their real system counterparts, in many cases also for predictive 

validation. Carson (2002) stresses the importance of micro testing, including 

how the model responds to extreme situations, when modelling non-existing 

systems. System experts and potential users have a key role in the evaluation, 

and are particularly important when quantitative data from a real system is 

limited. Connecting validated sub-models into complex systems, for example 

a supply chain, always involves a certain risk of an invalid model (Persson 

2003). 

 

Many practical techniques for both validation of the conceptual model and 

verification of the programmed model can be found in literature. For example 

a structured walk through can be performed, both of the conceptual model 

(by system experts) and of the coded model (usually by other analysts). 

Verification of the coded model is usually done by one or more person not 

involved in the model building. Each component of the model is examined 

until the assessment team is convinced that it works according to the 

specification. Other important verification techniques include using 

animations. Entities flowing through the model, queues and state variables 

can be animated during the simulation, and values can be graphically 

displayed. Following the changes in state variables event by event is a way to 

check that the model logic operates as intended, and is one of the strengths of 

using simulation software (Banks et al. 2010).    

 

The last methodological step, implementation, is essential for simulation 

projects performed within a company, and can be one of the most challenging 

steps. However, many projects performed by consultants, or research projects, 

instead of implementation would end up with a list of suggestions for system 

improvements or advice for future system design. For research projects it is 

usually a prerequisite that the results are of more general interest than the 

application of the specific case study, and implementation is rarely included.                
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2.3 Qualitative methods, interview techniques and thematic 

analysis 

In order to achieve a high level of generalisation for a study, comprehensive 

data material including a large number of respondents is usually necessary. 

However, when it comes to assembling the experiences from human subjects 

there is usually a conflict between the number of persons and the richness in 

depth of the material, assuming that available project resources are limited. It 

could be preferable to concentrate on a few respondents and interview them 

in an open manner, to capture rich descriptions of the interviewees’ point of 

view on a subject, perhaps including aspects that the interviewees have not 

previously reflected over.  

      

The concepts of reliability and validity are relevant for interview research, 

although in a different sense than for quantitative models. Klave and 

Brinkmann (2015) describe reliability of an interview as being related to the 

questions of whether or not the results of a study can be reproduced, if the 

respondents would change their answers during an interview, and if they 

would give the same answers to another researcher on a different occasion. It 

is also a relevant aspect during analysis of the material; for example, if the 

responses are categorised, would another researcher be able to sort the 

answers to the same categories? Validity is generally concerned with the 

question of whether or not a method is investigating what it is intended to 

investigate. For qualitative research this should not be restricted to methods 

that can be measured but should include whether observations made actually 

reflect the phenomena of interest (Klave and Brinkmann 2015). Klave & 

Brinkman also stress the importance of the researcher’s skill in the craft of 

interviewing, including analysing the material, in order to achieve validity.   

 

Choosing a recognised method for the analysis is a fundamental step in the 

process. Qualitative approaches are diverse, complex and nuanced, and 

thematic analysis should be seen as a foundational method for qualitative 

analysis, since thematising meanings is a skill essential for many qualitative 

techniques (Braun and Clarke 2006). Thematic analysis is a method for 

identifying, analysing, and reporting patterns within data (themes). It 

minimally organises and describes the data set in detail. However, it 

frequently goes further than this, and interprets various aspects of the 

research topic (Boyatzis, 1998 in (Braun and Clarke 2006). 
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3 System practice – Supply chains for 

forest energy  

Forestry biomass for energy is typically a by-product of final felling, except 

when small trees are harvested for energy in early thinnings. In Sweden, the 

largest contribution come from residues (branches and tops) followed by 

defect logs, and a minor proportion comes from small trees harvested in 

thinnings. In 2020, the produced energy was 7828, 4597, and 605 GWh 

respectively from these main assortments (Swedish Energy Agency 2021). 

          

There are many ways to describe the characteristics of the supply chain for 

forest fuel, and many diversities between techniques and organisational 

aspects of different companies and regions.  The following main processes are 

typical for Nordic conditions and have been structured according to spatial 

location and chronology (see Figure 2).  

 

 
Figure 2. Main physical processes and flows for forest energy assortments.  

 

Processes of information sharing are not included in Figure 2, but it should be 

noted that most companies in the Swedish forestry sector are members of 

Biometria, a common organisation established for impartial measurement 

and reporting of forest products (Biometria 2021). This organisation provides 

a common system (currently under revision) for sharing information between 

suppliers and customers. Common standards in the sector are essential in the 

development of the companies’ internal communication systems.     
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In forest 

A decision of whether or not to collect residues is taken during the planning 

phase of the cutting operation, based on estimations of the suitability of the 

cutting areas and estimations of future demand and price for forest energy. 

The amount of biomass extracted may vary considerably from that estimated 

during the planning phase; it may for example be reduced if the trees are cut 

during wet weather and the residues must be left on the ground to improve 

soil carrying capacity and reduce soil damage caused by the harvesting 

operation. If residues are being harvested from a site, they are accumulated in 

small piles by the harvester in the cutting area and left there over the summer 

months to dry. If harvest takes place during late summer this implies storage 

of at least a year at the harvesting site before residues can be forwarded to 

roadside. The long process brings challenges concerning bearing capacity of 

forest ground as well as forest roads. Harvesting, forwarding and 

transportation of logs may have been performed on frozen ground or during 

a dry period, but conditions can be quite different when the forest fuel is 

forwarded to a roadside landing.                   

 

At roadside 

Residues are stored in piles (windrows) on roadside landings, often covered 

with paper. During dry months, material in the windrows dries out and the 

cover prevents some of the re-wetting from precipitation. Loose residues are 

a bulky low-density material that is costly to transport on trucks. Therefore, 

about 90% of logging residues and small trees are comminuted before 

transport, while most of the defect roundwood used for energy is 

comminuted at terminals (Brunberg 2016).  

 

From roadside landing there are many machine systems available for 

comminution and transport. Comminution can be performed by the same 

truck that transports the chipped material – the chipper truck system, or it can 

be performed by a separate chipper that can be forwarder- or truck-mounted 

(Paper I). The choice of comminution system affects how windrows can be 

placed on the landing. A forwarder-mounted machine can drive in the terrain 

while a chipper-truck depends on windrows being aligned directly along the 

forest road for access.  
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There are hot and cold logistics systems depending on whether the 

transporting truck must be present during chipping or if the chipping is 

carried out independently. Chipping into containers can be seen as a middle 

way, where containers are left at the landing for the chipper to fill. However, 

the chipper is still dependent on trucks to pick up filled containers and leave 

empty ones and, since there is rarely a sufficient buffer of containers in the 

system, the container-truck-system is in reality a hot system (Picchi and 

Eliasson 2015). Advantages of the chipper-truck system are the absence of 

interactions and the fact that the system is easy to manage. However, loading 

capacity is limited, since the heavy chipping equipment is transported along 

with every load, and the productivity during chipping may be lower 

compared to a separate chipper with only one task (Eliasson 2016). 

 

Terminals and change of transport mode 

Terminals are used for many purposes and for all kinds of forest products. 

Here, a terminal is considered as an area between the roadside landing and 

the customer where material is reloaded and possibly stored and processed 

before further transport, an optional step in contrast with direct deliveries. In 

Sweden, 10 million tonnes of wood are transported annually through 50 

loading terminals, according to transport data from 2016 and 2018 (Davidsson 

and Asmoarp 2019; Asmoarp et al. 2019). At least 270 loading terminals were 

used for handling forest fuel products in 2012 (Kons et al. 2014). In Finland, 

the number of loading terminals, for all forest products, was 90 in 2016, and 

8.2 million tonnes of forest products were handled (Iikkanen and Lapp 2018). 

There are usually also some storage and processing facilities at the recipient 

energy plant.   

 

There are several reasons for  using intermediate terminals in the forest fuel 

supply chain. Since the main use of forest energy is for heat production, the 

variation in demand depends on the outdoor temperature, which makes 

seasonal storages critical. Terminals also enable the supply system to cope 

with thaw conditions and seasons with poor-quality roads, problems that 

often occur during periods of high demand. Terminal storage of defect 

roundwood is also required to meet legislation requirements regarding 

prevention of insect damage. Roundwood may not be stored at the landing 

for long periods (Väätäinen et al. 2021). There are also advantages in 

comminuting material at terminals rather than forest landings, since more 

efficient (and larger) equipment can be used. Rinne (2010) showed that 

stationary chippers can be 50-60% more productive and 17% more cost-
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efficient than mobile chippers for all biomass types, although stationary 

machines are mainly seen at large CHP-plants.  

 

A main reason for using intermediate terminals is the option of changing to a 

more cost- and energy-efficient transport mode to enable long-distance 

transport. Transport by rail or sea is cost efficient compared to truck transport 

for distances exceeding approximately 150 km (Nivala, Anttila, and Laitila 

2015; Karttunen et al. 2012). Large-scale biofuel-powered CHP plants require 

large quantities of biomass, which necessitates an extended catchment area. 

While all facilities are dependent on trucks for their supply, large plants also 

use rail and sea transport to a significant degree. According to Olsson et al. 

(2016), up to 50% of annual demand was transported by sea to the big CHP 

plants in the Lake Mälaren region. 

 

Storage can influence the quality of forest fuel in both directions. After cutting, 

residues must be stored to reach an acceptable quality. Compared to 

unprocessed residues and defect logs, comminuted material is much more 

likely to degrade in quality due to precipitation increasing the moisture 

content and to biological processes causing material losses. Hence, long-term 

storage of chips should generally be avoided, although recent research shows 

that these effects can be reduced (Anerud et al. 2018). Defect roundwood in 

its original shape is preferable for long term storage and, since it is also more 

convenient to transport, it is commonly stored at terminals and ideally 

comminuted shortly before combustion. However chips are also stored at 

terminals, especially where a modal shift is taking place or when supply from 

a feed-in terminal is required. Energy assortments are often stored at the same 

terminals as other forest products, although the requirements for certain 

conditions at the facility may differ depending on the assortment. For 

example, chipped material is sensitive to storage on gravel surfaces due to the 

risk of contamination. 

 

Terminals can have different purposes. The most common terminals in 

Nordic forestry are transshipment terminals used for seasonal storage and as 

a buffer for weather-driven uncertainties. They are small and located adjacent 

to good road networks (Kons 2019). There are also satellite terminals used to 

collect material from a region distant from the fuel user, often enabling 

railroad transport to the customer. Feed-in terminals may also be used as 

buffer storage close to the customer (Virkkunen et al. 2015)  
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The costs for storage area and handling vary considerably between different 

types of terminals. Simulation studies in a Nordic context have shown an 

increase in mean supply cost of 1.4-11 % when using a terminal for part of the 

supply (Karttunen et al. 2012; Fernandez-Lacruz, Eriksson, and Bergström 

2020) and terminal activities account for 5-6% of the total supply cost in the 

supply chain scenarios involving terminals (Karttunen et al. 2012). Strategic 

benefits from evening out fluctuations in production and demand have not 

been considered in any of the studies.  

 

Energy producers – customer requirements 

The end customer in the supply chain for solid forest fuel is assumed to be a 

heating plant (HP) or a combined heat and power plant (CHP). Biorefineries 

might also be considered but are not included in any of the studied cases in 

this thesis.    

 

It is important to remember that the customer’s interest is energy, usually 

measured in MWh, based on the lower calorific value, which is strongly 

influenced by the moisture content. The energy content is the most common 

basis for payment for the customer but is usually not measurable before the 

material enters the customer´s facility. This necessitates unit transformations 

and estimations from weight or volume measurements upstream in the 

supply chain (larger terminals usually facilitate moisture measurement as 

well). The number of units entails a challenge in supply chain cooperation 

(Paper II). However, actions to reduce moisture content must be central 

throughout the supply chain. 

 

Customer requirements can differ significantly between small and large 

heating plants (HP) or combined heat and power (CHP) plants. Besides the 

type of material (chipped residues, chipped energy wood, sawdust, bark), 

requirements are usually based on acceptable intervals for the qualities 

fraction size, moisture content, ash content, and content of fines (Iwarsson 

Wide et al. 2019). Fuel quality specifications from small HPs are often rather 

specific, while large CHP plants can often be flexible both in their fuel mix 

and specifications (Olsson et al. 2016). Dry material with a low content of 

small fractions and fines is more suitable for storage, since biological 

processes, heat development and dry matter losses decreases, which also 

reduces the risk of spontaneous self-ignition during storage (Olsson et al. 

2016).  
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The location of HPs / CHPs sets the preconditions for logistical operations. As 

cities connected to district heating have grown, the plants have often become 

engulfed by the urban development, and storage areas adjacent to the 

combustion facilities are limited. Restrictions hindering comminution of 

material on production sites are also common. Olsson et al. (2016) interviewed 

representatives from 18 plants in the Lake Mälaren valley (including the 

Stockholm region), and found that on-site storage ranged between 1 and 17 

days of maximum fuel demand for the small plants, 2-10 days for the medium 

plants, but only up to three days for the large plants. To handle this situation, 

medium and large plants operate terminals as buffer storage (feed-in 

terminals described by Virkkunen et al. 2015). The smaller plants are usually 

reliant on terminal storages that their suppliers operate, which can serve 

several plants.  
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4 Methodology 

4.1 Sequential procedures 

For most technical studies, and for simulation studies in particular, one 

prerequisite is that events can be predicted and reproduced in a controlled 

environment (Will M. Bertrand and Fransoo 2002). This typically reflects the 

post-positivist worldview where the ambition is objectiveness in order to 

reveal the truth. When studying humans and their perspectives, other 

philosophical starting points have been common, since the subjective 

influence of the researcher is often a substantial part of the study. For example, 

during an interview, knowledge can be built together by the researcher and 

the interviewee. In systems analysis, it may be beneficial to capture the gains 

from different methods, supplementing the view of the research problem. 

Humans are after all important actors in all supply chains.  

 

The complexity and peculiarity of the forest fuel supply chain has already 

been discussed in the introduction and background sections. It has been 

assumed throughout the process that an explorative approach in the field 

would promote findings in a wider area and prevent some of the common 

pitfalls in analytical studies. An example is mismatches between the actual 

system of interest, the research question, and the analytical model. Based on 

this approach, both qualitative and quantitative methods are used 

sequentially in this thesis to answer the overall question of finding the 

necessary preconditions for logistics planning to achieve cost- and energy-

efficient long-distance transports in forest fuel supply chains. However, each 

individual study only involves one single method guided by the more specific 

research questions in focus.  

 

The steps of a simulation project summarised by Persson (2003) and described 

in Chapter 2 can, with a little adaption, be seen as a useful framework also for 

a broader analytical study of systems. This approach was applied in this thesis. 

The extensive literature review of forest biomass logistics (Paper I), 

supplemented with the perspective of entrepreneurial and business relations 

(Paper II), together provides a rich description of the studied environment, 

and reveals problems to be addressed. Extensive system knowledge and a 

differentiated view regarding the terminal’s role in the supply chains for 

forest fuel has been needed to interpret the results in Paper III (see Figure 3 

for the contribution of the earlier studies to Paper II and III). The marked steps 
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below (1, 2, 3, 6, 9 and 11) are processes in an analytical study that is strongly 

supported by system knowledge on a deeper level.   

 

1. Formulating the problem 

2. Conceptualising the model 

3. Collecting data 

4. Translating the model – modelling 

5. Verifying  

6. Validating 

7. Designing experiments 

8. Making production runs 

9. Analysing output data 

10. Documenting  

11. Implementing 

 

The first three steps of the simulation analysis are largely initialised during 

the first two studies, while more precise system boundaries and a narrower 

question, suitable for a quantitative analysis, are formulated in Paper III, and 

further analysed with the simulation model. The work in the three papers has 

overlapped in terms of time but completed in the order as they are presented 

in this thesis.             

 

The case studies in Paper II and Paper III were performed within different 

host companies. For each of the studies, participants were chosen together 

with representatives from the host companies, based on characteristics of their 

supply chains, initial questions, and how those questions aligned with the 

broader research questions. Even though the cases are two separate supply 

chains, they have a similar structure shared with many other supply chains in 

the business. Because of these similarities much of the results from Paper II 

could be used to evaluate the results of Paper III and put them in a broader 

context. Information from the interviews for Paper II was also used to 

evaluate some of the input data used in the simulation model of Paper III.           
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Figure 3. How the papers are interlinked. 

 

1.3 Literature review (Paper I) 

Sweden and Finland are both Nordic countries in which forestry and forest 

energy play a major role for society. The countries are two of the world's 

largest exporters of pulp, paper, and cardboard, and among Europe’s largest 

producers of sawn timber and plywood (Paper I). Methods and techniques in 

forest operations in the two countries are largely similar, so cooperation on 

research is of mutual benefit. This was the reason for a review of roundwood 

and biomass logistics in both countries.             

 

A general overview of biomass logistics in Sweden and Finland was presented, 

starting from roadside landings, and ending with delivery to the mill or forest 

biomass refining and conversion facilities. All assortments were included, but 

the analysis did not include biomass reception and log yard logistics, so in 

this review the logistics chain ends at the mill/facility gate. Trends in these 

supply chains since the turn of the century were identified.  

The role of legislation and regulation on biomass logistics was considered. 

The focus then widened into the building blocks of biomass logistics, defined 

as i) truck transports and roads, ii) terminal concepts and terminal logistics, 

iii) storage of wood, iv) multimodal transports, and v) supply chain logistics.  
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Reviewed papers were categorised using the pre-defined result indicators: 

productivity, cost efficiency, resource utilisation, energy efficiency (i.e. fuel 

consumption, dry-matter losses, energy content), emissions, social aspects, 

transport safety, payload efficiency, and roads.  

 

The literature review focused on peer-reviewed articles (incl. doctoral theses), 

masters theses and non-reviewed publications. The latter were typically 

results from national R&D projects and were presented in local languages. 

The search was conducted in October-November 2019. Relevant publications 

were found using a combination of Google Scholar and snowball sampling 

through the literature of already selected articles. The main keywords used in 

the search were ‘biomass’, ‘timber’, ‘logistics’, ‘transport’, ‘terminal’, 

‘roundwood’, ‘energy wood’, ‘supply chain’, and ‘trucking’. Sometimes, a 

combination of several keywords was used. In addition, report series from the 

Finnish research institute Metsäteho and the Swedish research institute 

Skogforsk were scanned for relevant reports since the year 2000. The data 

collection resulted in a total of 134 papers, of which 83 were peer-reviewed 

papers, 6 master’s theses and 45 other reports. The papers were classified after 

assortment,  publication year and topic.  

 

This review excluded studies relating to entrepreneurial and business studies, 

and logistics IT systems, which are important in planning, managing and 

operating transports and supply logistics. The exclusion of studies solely 

related to harvesting (cutting and forwarding), operations at roadside landing 

(e.g. chipping, baling), and log yard logistics with no connection to other 

logistics operations further reduced the number of studies in the review. The 

perspective of entrepreneurial and business relations was instead covered in 

Paper II, which further widened the perception of the thesis and 

complemented the system description of supply chains for forest fuel.  

 

4.2 Qualitative aspects of communications and relations 

(Paper II) 

Choice of method 

When addressing the supply chain studied in Paper II, a goal was to structure 

the interview process and qualitatively analyse the interview material in order 

to provide a richer description of the processes and communication within the 

supply chain. A thematic analysis based on semi-structured interviews was 
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chosen to capture the cooperation between actors in the specific supply chain 

in focus. Thematic analysis is a method for identifying, analysing and 

reporting patterns of data. At the lowest level, data is described in rich detail, 

but the analysis typically also interprets different aspects of the research 

question on a deeper level (Braun and Clarke 2006). The method has been 

widely used in psychology and the social sciences, but has received less 

attention in cross-sectional research towards business-oriented fields. 

However, Grönlund et al. (2020) used the method to describe current practices 

for nature conservation management in Sweden. 

 

Study context and case 

The case companies (a forest company and a trading company) were chosen 

based on their earlier expressed interest in participating in a study concerning 

logistics processes, and the interviews were part of a larger development 

project. Two contractors (entrepreneurs performing chipping and transport) 

were chosen by the trading company. The forest company has the role of 

buying timber from the forest owner, then planning and arranging the forest 

operations. In the studied case, a trading company in the same consortium 

takes over the handling and ownership of forest residues from the point of 

chipping at the landing, and handles all customer relations. The customers are 

both local heating plants and a large CHP served by rail terminals. The 

consortium also includes wood industries providing energy products as side 

streams.  

At the trading company, the logistics manager was chosen for the interview, 

since this person handles operational communication with other actors and is 

responsible for control of all material flows, both residues and industrial by-

products. At both entrepreneur companies, the respondent was the owner 

who coordinates the operations and works practically in the field.  

The contractors are hired by the trading company and receive weekly delivery 

plans from the logistics manager. All information relating to the chipping sites, 

e.g. location, quantity, and local conditions, are provided by the forest 

company. The logistics manager receives information from the forest 

company about available quantities on a tactical level.  The contractors are 

divided according to geography to minimise relocation distances, and each 

serve several different customers within their region. They represent two 

different machine systems, the chipper truck, which both comminutes the 

wood and transports with the same vehicle, and the separate chipper served 

by container-trucks.   
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Three persons were interviewed according to the process described below 

(the logistics manager at the trading company and two entrepreneurs). A 

more informal and exploratory interview was also held with the coordinator 

at the forest company. Although this interview was not analysed in the same 

way as the others, it adds important information to the business context. The 

coordinator role was new at the forest company and this person had not yet 

taken up the position when the entrepreneurs were interviewed. The 

entrepreneurs sometimes referred to the new coordinator, since they had been 

informed about the new role.  

 

Interview process 

All interviews were held face to face. The logistics manager was interviewed 

on two occasions, and those two interviews were merged for the analysis. The 

respondents were initially granted anonymity and asked for permission to 

record the interviews. An interview guide was used (but not provided to the 

respondents) with slight adaptions for the different companies. There was a 

high level of openness for interaction between the respondent and the 

interviewer. 

 

The questions were roughly divided into four topics. 1) The general 

organisational context such as material flows, which actor performs which 

operation, and the area of responsibility of each of the interviewed persons. 2) 

Questions about how communication works in relation to each of the other 

actors. 3) How the respondents perceived their work situation and associated 

problems. 4) What kind of development the respondent would like to see.  

The respondents were asked about communication with all of their contacts 

throughout the supply chain, so some of the problems and examples 

highlighted reflected other relations than between the trading company and 

the entrepreneur. The contractors also spoke generally about forest companies, 

and the discussion was not restricted to the particular supply chain in focus 

for the study. 

 

The interviews were transcribed and analysed according to the process 

described by Braun & Clark (2006). Steps in this process are 1) initial coding, 

(2) searching for themes, (3) reviewing themes, and (4) defining and naming 

themes.    



 

40 

4.3 From forest to port of loading (Paper III) 

Case description 

The studied supply chain represents a flow of forest residues from forest 

landings to a sending port and the loading of a coastal cargo ship for further 

transport to an energy customer.  A small rural port, Klintehamn on the 

island of Gotland in the Baltic Sea, was chosen for transhipment of forest 

products to the mainland by vessel.  Storage slots in port are often limited 

and costly, so other storage options were considered  interesting to 

investigate. In this case, an option of terminal storage 8 km from the port 

was possible. Comminution and transport of forest residues are performed 

by a chipper-truck, and the transport can go either directly to port or to the 

terminal. From the terminal, material is shuttled to port by a chip-truck in 

time for loading of the ship. Material can be stored in the port for longer or 

shorter periods, and loading is performed by a harbour crane (a Liebherr 

974). Productivity figures are set to represent the circumstances at 

Klintehamn. For figures of all productivities and costs, see Table 2 in Paper 

III. 

     

Once a vessel is booked and the date for shipment set, a tactical plan must be 

drawn up for the logistics, which may extend over several months. By testing 

scenarios with varying timeslots for chip production, port storage, and 

terminal storage, along with varying production capacities (one or two shifts), 

the relationship between these parameters and their effect on total cost were 

studied. The proportion of material passing through terminal storage will 

vary along with the available time slots in port, which enabled total costs to 

be correlated with terminal usage through regression analysis.      

     

Choice of method 

A Discrete Event Simulation (DES) approach was chosen for analysing a set 

of logistic options in the planning of a shipment of wood chips by sea. DES 

was considered appropriate on account of the limited size of the spatial 

problem (the number of options) and the numerous uncertain factors, such as 

production and transport capacities, storage capacities, and costs, some of 

which are mutually dependent.  

 

The simulation model used was based on the model for Weather-driven 

Analysis of Forest Fuel Systems (WAFFS) (Eriksson et al. 2017), which was 
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adapted for the purpose of the case study. This model also captures the 

passive processes influencing the quality of the material through drying or 

rewetting during each step in the supply chain. Since the quality of the 

material generally has a strong influence on logistics costs, this information is 

highly relevant for analysis of logistics. The DES software, Extend Sim 10, was 

used for modelling.  

 

Prior to the simulations, a time study of the loading of a ship was carried out 

in Klintehamn to gather input data, to form an understanding of the system. 

Performance data for the machines used in the system were also collected 

from literature and expert opinions.  

 

The total cost per scenario was selected as the main response variable, and the 

number of replications for each scenario was determined by comparing the 

confidence intervals of the cumulative mean of this response (Hoad, Robinson, 

and Davies 2010). Ten replications were shown to be sufficient to obtain a 

deviation of less than 5%. Analysis of variance with Tukey’s post hoc test of 

means was used to compare the results of the scenarios.       

 

As the cost of the ship transport is fixed, the risk and cost of not having all 

material in place when the ship arrives must be considered, although it is not 

directly included in the analysis. Accordingly, the margin time between full 

volume and ship arrival is also an important response variable, and scenarios 

that fail to deliver the target volume in time are not considered feasible. Since 

the cost for storage space in port is relatively low in the chosen case, 

alternative ports’ tariffs with higher costs were evaluated as a sensitivity 

analysis of the effect of port storage costs. The planning of ship transports is 

generally part of a larger production system with interacting supply networks. 

The effects of terminal usage were discussed in this context, although they 

could not be quantified on the basis of this analysis.                                   
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The model 

The WAFFS model captures the entire supply chain, from when logging 

residues are gathered in heaps during the logging operation, through the 

processes of forwarding the material to roadside windrows, storage in 

windrows, comminution (chipping/grinding), and transport of the chips to 

the fuel recipient. Weather-related processes affecting material properties are 

also included. Each logging site is represented by an object with attributes 

such as site coordinates, amount of residues and quality. 

 

The six modules in the WAFFS model are Creation of objects, Storage in heaps, 

Forwarding to landing, Storage in windrow, Transport and comminution, 

and the CHP plant module (Eriksson et al. 2017). For this study, the model 

was adapted, starting from the Transport and comminution module. The CHP 

plant module was replaced by a port module, and a terminal module with 

shuttle transport to the port was added.  

 

The new model pushes material through the processes as long as the 

production window is open, until the target volume (the ship’s volume) is 

delivered to the port or departure day has passed. The general logic of the 

redesigned model is presented in Figure 4. Two different flow patterns for the 

material, named Base and Shortcut, were modelled. In the Base pattern, all 

material arriving at the port is first stored at the near storage in port and later 

transported to the dock area by a wheel loader. In the Shortcut pattern, 

material arriving at the port from the terminal is delivered directly to the dock, 

since it is assumed that this can be done shortly before the time of the vessel’s 

arrival. Table 1 shows which flow pattern was used in each scenario.       
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Figure 4. Flow patterns of the model. 
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The modules prior to transport and comminution provide objects with 

varying material quantities and qualities and at different distances from the 

port. This part of the model has been fully described by Eriksson et al. 

(Eriksson et al. 2017). Input parameters chosen for each simulated scenario 

were:   

 

• Date of ship departure 

• Number of weeks before departure that production should start 

• Number of weeks of available storage in port 

• Flow pattern of the model 

• Number of shifts used for the chipper truck and/or for the shuttle 

truck 

Scenarios 

Twelve scenarios were tested (Table 1). In scenarios 0.1 to 5, all incoming 

volume is handled through the near storage in the port and later forwarded 

to dock. In shortcut scenarios (6-7), the terminal volumes are shuttled directly 

to dock (see illustration of the different flows in Figure 4). In scenarios 8 and 

9, both the chipper truck and the shuttle work in two shifts, while in scenario 

10, only the shuttle works two shifts.     

 
Table 1. Scenarios.  

Scenario Flow 

Start 
production, 
weeks 

Port 
available, 
weeks 

Weeks to 
terminal Shifts 

0.1 Base 4 4 0 1 

0.2 Base 5 1 4 1 

1 Base 5 5 0 1 

2 Base 5 4 1 1 

3 Base 5 3 2 1 

4 Base 5 2 3 1 

5 Base 7 2 5 1 

6 Shortcut 5 4 1 1 

7 Shortcut 5 3 2 1 

8 Shortcut 2.5 2.5 0 2 

9 Shortcut 2.5 1 1.5 2 

10 Shortcut 5 1 4 2 on shuttle only 
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The output of the model is the utilisation and cost of each resource, and 

adding these costs gives a total cost per scenario, which is the main response 

variable. Another output is the produced volume, directly and through 

terminal, and the time when the full volume is produced (number of days 

before ship departure).   

 

For all scenarios, roadside comminution and chip transport to port or terminal 

is performed by one chipper truck. A single shift per workday is assumed in 

the base scenarios, to reflect a system where the opening hours of the port 

restrict the possible working hours for the resources delivering to the port. 

Scenarios 6 to 10, however, are designed to illustrate the possible impact of 

increased opening hours on the production capacity and total costs. There is 

no limit to the storage capacity in any of the storage points. Storage within the 

port is available for a limited time period (variable between scenarios) and for 

a cost per area and time. In the port, material is stored either at a near storage 

area in the port or directly at the dock. Material is loaded onto the vessel by a 

material handler. All machines are modelled as resources (see Figure 4).  

    

Verification and validation of the model 

The literature review in Paper I and the interview study (interviewing forest 

fuel contractors and a logistics manager) in Paper II contributed to generating 

knowledge about forest fuel systems in general. During the interviews more 

subjects were discussed than could fit in the resulting article, such as details 

about machine systems, descriptions of service intervals, and the central role 

that terminals play in the logistic system. Even though other sources (mainly 

from earlier literature) were often used as references to input data, 

reasonableness of these figures was assessed during the interviews for Paper 

II by the entrepreneurs.        

 

The behaviour of the specific supply system simulated is naturally the main 

focus. System experts were involved in the different steps of the project, 

providing face validity to the model. The logistics manager at the forest 

company was involved in problem formulation and conceptualisation of the 

model. During field visits at the terminal and the port, meetings were also 

held with other system experts such as the manager of the port, the 

entrepreneur responsible for the machines in the port, and a ship broker 

employed by the forest company, giving valuable information about the 

system on a detailed level. This was important input in the process of 
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validating input data. The mathematical assumptions used in the model are 

usually well established in earlier literature and have been used in several 

earlier simulation studies, such as the relationship between distance and 

driving time.    

 

Many verification techniques were used in developing the computer model, 

and can be recognised from the techniques described by Law (2015). Verifying 

sub-models individually with other parts replaced by dummy modules was 

useful due to the complexity of the model. Animation of variables and tracing 

of the change of state at different points during the simulation run was also 

crucial in the verification process. Finally, a structured walk-through was 

arranged with analysts not involved in the model building process. Parts of 

the model were validated for compliance with existing system data, but no 

such comparisons were possible for the complete model.     
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5 Results  

5.1 Results Paper I - Roundwood and Biomass Logistics  

Main research themes 

In biomass studies the most common topics were cost efficiency followed by 

energy efficiency and productivity, which differs from roundwood studies 

where resource utilisation occupied a second place between cost efficiency 

and energy efficiency. Slightly over half of the papers focused on biomass for 

energy, nearly one-third on roundwood and 14% on both. Two papers dealt 

solely with roads. The greater emphasis on biomass for energy has also been 

observed in earlier reviews of roundwood and forest biomass logistics by 

Koirala et al. (2018) and Acuna et al. (2019). Suggested reasons for this are 

significant changes in the supply chain for forest fuel during the last 20 years 

in terms of both equipment used (Thorsén, Björheden, and Eliasson 2011; 

Hakkila 2004) and improved planning and supply chain management 

(Windisch 2015; Väätäinen 2018; Prinz 2019), While the structure of 

roundwood supply chains are generally the same as 20 years ago.  

  

Legislative influence 

Legislation and policies with significant influence on the forestry logistics 

system include regulations on vehicle configuration and weights in both 

Finland and Sweden. In Finland, the maximum permitted length of a truck 

has been increased in stages from 22 to 34.5 m, and the maximum gross 

vehicle weight (GVW) has increased from 60 tonnes to 68 t for an 8-axle 

combination vehicle and 76 t for a 9-axle combination. In Sweden the 

maximum GVW was increased to 64 t on most roads in 2015 and to 74 t on 

selected roads in 2017, while maximum vehicle lengths, has remained at 25.25 

m for trucks using EU modules or 24 m for the classic truck and 4-axle trailer 

(Asmoarp et al. 2018). The legislative changes concerning vehicle weights and 

dimensions is a direct result of research initiated by the Swedish forestry 

sector. The interest from policy makers has also triggered extensive research 

concerning the effects of increased vehicle capacities in the areas of fuel 

efficiency, economy, road wear, safety, and technical and logistics solutions.     

 

Research emphasis in different parts of the supply chain 

Although there is great diversity in production systems for forest fuel, surveys 

conducted in both Finland and Sweden show that the most common practice 
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for forest residues is forwarding of loose residues to landing followed by 

comminution, while comminution in the terrain followed by chip transport 

with the chipper or chip shuttles to the landing has ceased (Paper I). However, 

most of the defect roundwood used for energy in Sweden is comminuted at 

terminals (Brunberg 2016). For chipping on landings, the most commonly 

used systems are forwarder-mounted chippers in combination with container 

trucks or self-loading chip trucks, and chipper trucks (Eliasson 2016; Brunberg 

2016). However, the supply systems for biomass are constantly evolving, and 

there is a need for more versatile systems that can handle the variation in 

demand (Eliasson 2016).  

 

A system that has gained great attention scientifically is the bundler, a baling 

system aiming to compact residues into easy handled units that can be 

transported more efficient than loose residues to a terminal or plant where 

comminution can be made more efficient than at a forest landing. In Sweden 

the baling of logging residues was found to be uncompetitive against roadside 

chipping, not mainly due to the bundling cost, but because it is difficult to 

efficiently plan the operations and thereby recover the bundling costs through 

cost reductions in extraction, transport and chipping (Eliasson 2011).  

 

Apart from the great interest in truck transports, much related to increased 

GVV, rail and waterway transports have also attracted scientific interest. Over 

longer distances, railways are the dominant transport method, accounting for 

23% of the total transported volume in Finland. In Sweden about 9% of the 

roundwood volumes were transported to a rail terminal in 2014 (Asmoarp 

and Davidsson 2016). Waterway transportation is less common and accounts 

for 2% in Finland (Strandström 2018a). In Sweden, no wood is transported by 

inland waterway, although several large CHPs are dependent on transports 

by sea for their supply (Olsson et al. 2016). Swedish case studies of rail 

transports have been performed by Troche (2009), Flodén (2016) and Frosch 

and Thorén (2010), enabling detailed analysis of the influence that different 

factors have on the cost for railway transport. For example, the cost of using 

diesel locomotives for shunting at terminals has been shown to be a major cost 

driver (Frosch and Thoren 2010; Flodén 2016). Efficient terminal handling also 

increases the number of weekly deliveries by train, which has a significant 

impact on the cost (e.g. (Troche 2009)). From a Finnish perspective, 

Tahvanainen and Anttila (2011) performed a GIS-based analysis where the 

costs for several energy wood supply chains (from forest to end use facility) 

were simulated. Transport of forest chips by rail was shown to be the most 
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cost-efficient option when transport distance exceeds 145 km. For whole trees 

and logging residues, the breakeven point was 160 km. Current transports 

with larger trucks are expected to increase breakeven distances (Laitila, 

Asikainen, and Ranta 2016). 

 

Being a precondition for multimodal transport and an accessible and 

manageable storage option, different functions and characteristics of 

terminals have been studied and described in a number of papers and reports. 

While Enström et al. (2013) describe success factors for establishment of 

biomass terminals, the characteristics of existing Swedish biomass terminals 

are reported by Kons et al. (2014), while Virkkunen et al. (2015) categorised 

terminals according to purpose and location, and analysed costs and practices 

for handling and establishment of terminals.  

 

Most of the research is focused on terminals for fuel handling, although it is 

common that the same terminal is used for many assortments (Enström et al. 

2013). Terminal handling costs are estimated to be between EUR 0.6-0.9/MWh 

for fuel assortments (Karttunen et al. 2012; Enström 2009). Simulations of the 

consequences of including a terminal in different kinds of supply chains for 

forest fuel show that a certain cost increase is to be expected from the terminal 

supply scenarios, 1.4-3.1% in Väätäinen et al.  (2017) and 5-11% in Fernandez-

Lacruz et al. (2020). Despite the increase in supply costs, it may be convenient 

to use a terminal to allow for more balanced workloads and to secure supply.  

 

Storage effects on biomass properties are a significant theme in international 

research, and models to predict changes in fuel quality parameters have been 

developed (Krigstin and Wetzel 2016; Eriksson et al. 2017; Routa, Kolström, 

and Sikanen 2018), mainly relating to forest fuel assortments. The 

simultaneous development of storage guidelines and management models or 

tools will help improve utilisation of forest resources and reduce costs 

throughout the production chain. Kühmaier et al. (2016) calculated that the 

cost of transporting wood chips is reduced by EUR 0.32-0.49/m3 if the 

moisture content can be reduced from 55 to 35%. Erber et al. (2016) showed 

that moisture content management increased truckload volume utilisation by 

25% and transported calorific value by 48%, which reduced the number of 

truck trips by over 20%.  

 



 

50 

Trends in systems analysis methods 

Roundwood and biomass supply chains contain a complex system 

environment with a large number of uncertainties. Examples are feedstock 

properties, transport infrastructure, impact of weather on both feedstock 

availability and demand, variations in the standing forest, and performance 

of the supply fleet. There are also a wide number of technologies used in the 

different operations. Various systems analysis methods have been used to 

study roundwood and biomass supply chain logistics. Static modelling has 

often been used (e.g. Asikainen et al., 2001 and Laitila and Väätäinen, 2012). 

Static calculation models  are frequently used in forestry logistics for area-

specific GIS analysis of biomass availability and procurement costs, using 

data regarding stands and destination points, e.g. Tahvanainen and Anttila 

(2011) and Ranta et al. (2012). 

 

Various authors have used discrete event simulation (DES) and/or agent-

based simulation (ABS) to model biomass supply chains for energy, typically 

in case-specific studies in Nordic conditions, e.g. Asikainen (2010), Karttunen 

et al. (2012), Eriksson (2014), Prinz et al. (2019) and Fernandez-Lacruz et al. 

(2020). There have been fewer simulation studies for industrial roundwood. 

Simulation-based system analysis has been introduced to model the system 

operation in more detail and simulate events. The level of analysis has been 

more tactical and/or operational (i.e. monthly or weekly level) than strategic.  

 

Optimisation methods have been used in numerous analyses of both 

roundwood and biomass supply. Optimisation methods (e.g. linear 

programming, LP, and mixed integer programming, MIP) have produced 

results and decision support at predominantly strategic and tactical levels 

(yearly or monthly level). Examples of uses are to support strategic decision 

making with regard to terminal location and capacity, proportions of 

transport modes, proportions of domestic and imported wood, and use of 

train systems. It has also been used in LCA and GHG emission analyses (e.g. 

Berg and Lindholm (2005), de la Fuente et al (2017)). In tactical planning, 

optimisation tools could be used for aspects such as optimal destinations of 

roundwood assortments and to find potential back-haul routes (Forsberg, 

Frisk, and Rönnqvisty 2005; Iikkanen et al. 2010). Some studies have examined 

cost efficiency of various transport modes with regard to supply costs.   

 

 



 

51 

A growing number of forest biomass supply chain studies use systems 

analysis methods involving mathematical programming techniques, mostly 

due to increasing experience and availability of such methods, as well as 

improved computation capacity and user-friendliness (e.g. Kogler & Rauch 

(2018)).  

  

Drivers for future research and development 

The forestry sector is facing several challenges regarding roundwood and 

biomass supply logistics. Climate change will increasingly impact harvesting 

and transport conditions. This will result in even greater seasonality and 

abiotic and biotic damage to forests, and variation in timber supply. The use 

of terminals for wood storage is therefore likely to increase in order to secure 

supply. Olsson et al. (2016) describe some of the supply risks from the 

perspective of the energy companies, and conclude that from a societal 

perspective the balance between lean/cost-efficient supply chains and 

resilient/secure supply chains must lean towards the latter.  

 

Forest utilisation and forest management regimes may change, and methods 

and extraction volumes from forests may change in the future. Challenges 

concerning recruiting and retaining skilled operators are already a problem 

that does not seem to be abating (e.g. Ghaffariyan et. al., (2017) and Väätäinen et. 

al., (2014).  
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5.2 Results Paper II – Communication and relations  

The three themes developed from the analysis (Acknowledging relationships, 

Gaps in understanding and communication, and Joint development) revealed 

several areas for further development. Sub-themes were linked to each of the 

themes.  

 

Acknowledging relationships 

The first theme is defined as talk about personal communication and the influence 

that the individual has on the operations. The gain of personal knowledge is included 

in this theme as well. The logistics manager felt other actors were helpful, and 

stated that the frequency of personal communication with contractors and 

individual truck drivers largely depended on their personality. Calls with 

contractors (including transporters of industry products) took up much of the 

working time. Also, the chipping contractors stated that a phone call to the 

person who transported the material to the roadside storage was a smooth 

way of getting the information needed before arriving at the site. The need to 

call and ask questions relates to problems in the more structured processes for 

sharing information over several steps, also emphasised by the contractors. 

To simplify and enhance cooperation between forwarder and chipping 

operators, both the forest company and contractors preferred that these 

operations are performed within the same company if possible. All actors 

gave examples of the importance of personal knowledge and training for a 

smooth daily operation. However, keeping personnel employed year around, 

and hence retaining skills, was not always easy due to the seasonality of the 

energy demand, and the contractors called for more support in providing year 

around employment. Even though all respondents gave examples of frequent 

personal contacts with the other actors, there were also indications of less 

personal communication in the business because the forest companies’ 

personnel lacked time.  

 

Gaps in understanding and communication 

The second theme (see Figure 5) is defined as talk reflecting contradicting views 

on the same topic (indirectly or directly raised by the respondents) and problems in 

information sharing.   
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Figure 5. Gaps in understanding and communication with sub-themes. © 2020 IEEE. 

 

The most obvious contradiction between the logistics manager and the 

contractors was how they perceived delivery precision and weekly delivery 

quotas. The contractors stated that weekly quotas are to give more precision 

to the work in reality. Since they deliver material from different forest 

companies to the same customer, they saw no purpose in having to match 

each delivery plan on a weekly basis, and did not usually communicate with 

the trading company if changes were made that they believed to have an 

impact. Two reasons were given as to why a detailed planning level creates 

problems for the contractors. Initially, it is not possible to predict, on a 

detailed level, how much volume will be produced a certain week, due to 

weather conditions, machine-breakdowns, sick personnel, and also due to 

missing or inaccurate information regarding the available volume for each 

product. Secondly, by serving several service buying companies in the region 

contractors can reduce relocation distances and costs. However, with less 

freedom in planning, this advantage can become a problem since the present 

location might have a concentration of objects from a certain forest company. 

The logistics manager quoted examples of situations when this kind of 

deviation from plan could be problematic and said she always wanted to be 

able to give accurate information to the customer.    

 

The logistics manager reported how the industries would always notify if 

there was more material to collect. Space for by-products is limited and the 

industries could not keep running for long if these were not collected. When 

asked whether they would also inform the logistics manager if they had fewer 

products than in the plan, a negative answer was given, but added that this 
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would of course be desirable information. The second interview with the 

logistics manager (two months later) revealed that, during that time, that 

particular issue had been resolved. Production plans from the industries were 

now regularly sent, giving detailed information about expected volumes. The 

change is rather small, but results in trucks not driving in vain to the sawmill.  

 

Both entrepreneurs reported information losses, resulting in wrong or 

incomplete data in the object description. Possible explanations given by the 

contractors were that the forwarder drivers do not always write the report 

themselves. Errors could also be caused by limitations in the digital system, 

not allowing the specific unit to be used, so the volume might be entered 

unchanged from another unit. More generally, it is a sensitive system in which  

information about an object passes several steps where individuals process it 

and must ensure that all relevant information is passed on to the next step in 

the chain.      

 

Joint development 

The third theme is defined simply as talk about development, within the 

individual company and within the supply chain. All three companies discussed 

development in their individual organisation and on their own initiative. For 

the contractors, the machine systems were in focus. The logistics manager 

reported increasing digitalisation, a switch from paper forms produced by the 

drivers to digital delivery reports, as the most important recent development, 

and also the most desirable process to continue. The contractors were also 

optimistic about a new digitalised system then under development by the 

forest company, but none of them expected to be personally involved in that 

process. However, they all expressed willingness to work with joint 

development. The results indicate a need to develop information systems, not 

only linked to the early stage of development in this specific supply chain, but 

commonly within the sector. 

 

Additional themes from the interviews (not included in Paper II) 

The initial reason for the trading company taking an interest in the research 

project was to discuss the irregularly occurring problems they face during 

thaw or heavy rains. Even though only a small proportion of the volumes 

come from forest residues, inaccessible roads still cause difficulties for a 

secure supply. The logistics manager described how this necessitates the use 

of terminals, not only for further transport by rail but also small terminals 
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close to the forest without rail access (referred to as transhipment terminals 

by Virkkunen et al. (2015).  

 

The entrepreneurs confirmed the problem description, reporting that weather 

conditions and road conditions strongly determine their planning during 

wintertime. They also reported that they are obligated to maximise 

production when conditions are worst and that both production capacity and 

quality of produced material would be considerably higher if they could 

produce more during summertime. Entrepreneurs appreciated being able to 

deliver to terminals, since delivery to the receiving industries is subject to 

limited opening hours. Restricted delivery times reduce planning options for 

the entrepreneurs, and the possibility to deliver the last load for the day to a 

terminal (that is always open) is much appreciated. One of the entrepreneurs 

estimated that 10% of their total volumes are delivered to a terminal, and 

wished the figure could be higher. Available space at the terminals was 

mentioned as a limiting factor, but the logistics manager and the forest fuel 

coordinator at the forest company raised the cost aspect of terminals. The 

coordinator also pointed out that entrepreneurs work for other companies as 

well, which makes it difficult to direct and maximise the resources at times of 

high demand.       

5.3 Results Paper III – Wood chip supply from forest to 

port of loading 

Significant differences were found in total supply chain cost between many of 

the scenarios. The total cost, including chipping, transportation, storage and 

handling at inland terminal and port, and loading of the ship, varied between 

EUR 6.73 and 7.85 per MWh in the different scenarios (Table 3). The 

stochasticity of the model caused the average moisture content to vary 

between 37.2% and 43.8% between individual runs, but trends were still 

similar for total cost per scenario and cost per MWh (Table 3), since the target 

volume was equal for all scenarios.  

 

Scenarios 0.1 and 0.2 illustrated the limits of the production system. In 

Scenario 0.1, the full volume of 6400 m3 was not produced before ship 

departure in four out of ten runs, since production time was too short 

compared to production capacity. In these four runs, the shortfall averaged 

314 m3 at departure time. In Scenario 0.2, the full volume was produced by 

the chipper truck in all scenarios, but since the available time in port was only 
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one week, the shuttle capacity was not enough to deliver the full amount from 

terminal to port in seven out of ten runs. Since these two scenarios did not 

fulfil the delivery requirements, they were not included in the analysis. 

 

With two shifts for the shuttle, as in scenarios 9 and 10, one week of port 

storage was enough to load the ship. In scenarios 1, 2, 3, 6 and 7, there was, 

on average, more than a week of margin between full volume and departure. 

In a deterministic analysis, this would indicate that production time could be 

a week shorter, but the variation made the risk of unfulfilled deliveries 

substantial in the case of a shorter production window.  

 

The scenarios, together with the proportion of material passing the terminal 

(terminal percentage), explained 74% of the variation in total cost, according 

to the ANOVA, with total costs increasing with terminal percentage. The 

terminal percentage was a key difference between the scenarios and was 

strongly correlation with the scenarios, and a regression using only terminal 

percentage explained 58% of the variation in total cost.  

 
Table 2. Results showing averages per scenario, ten replications. Values in a column followed by the 

same letter are not significantly different. Values within brackets represents a 95% confidence interval. 

Scenario 
Through 
terminal 

Days before 
departure EUR/MWh 

0.1 0% - 6.99 

0.2 89% - 7.75 

1 0% 9.2 (±1.4) e 6.96 

2 25% 9.0 (±1.2) de 7.76 

3 46% 7.6 (±1.6) bcd 7.31 

4 68% 6.1 (±1.5) bc 7.62 

5 100% 6.5 (±0.1) bc 7.67 

6 24% 8.1 (±1.4) cde 7.85 

7 45% 7.1 (±1.5) bc 7.18 

8 0% 3.8 (±0.3) a 7.43 

9 60% 2.6 (±0.3) a 6.73 

10 96% 4.3 (±0.2) a 7.58 
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Figure 6. Influence of storage cost in port on total cost per scenario, EUR. 

 

Total cost increased with terminal percentage, indicating a supply chain cost 

increase of EUR 0.78 per m3 (approximately EUR 4.67 per odt or EUR 0.93 per 

MWh) for material delivered via terminal compared to material delivered 

directly to port. A certain caution should be applied in interpretation, since 

other differences between scenarios may also have an influence, for example 

delivering from terminal to dock or from near storage. However, the cost for 

wheel loader operations are small compared to the cost for shuttle transport. 

Between scenarios with only direct delivery (1 and 8) and scenarios where 

around 25% of the volume passes the terminal (2 and 6), the increase in total 

cost was 5.9%.    

 

A sensitivity analysis of storage in the port was made, where the cost for 

storage was increased five times and ten times, respectively. It showed that 

port storage cost is a key factor in the decision of whether or not to use a 

terminal (Figure 6). Applying the circumstances in this study, the breakeven 

point lies around EUR 0.83 per m2 and week (about six times the current cost). 

Such an increase may seem extreme, but the original setting represents the 

conditions of a small port in a rural area, and a contrasting example shows a 

rental cost of more than 12 times the cost used in the original setting ('Port 

tariff - Port of Södertälje'  2021; 'Port Tariff - Port of Sölvesborg'  2019).  
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6 Discussion 

The results from the papers will be discussed in relation to four main aspects 

identified. These are 1) the potential development areas in forest fuel supply 

chains, 2) how the results and the practical context of Paper II and Paper III 

relate to the theory of SCM, 3) the different perspectives on terminal usage, 

and 4) the use of simulation technique including variation.      

 

Potential development areas in forest fuel supply chains 

Logistics of roundwood and biomass supply comprise a considerable 

proportion of the procurement costs in biomass supply chains. The literature 

review showed that efficiency can still be optimised in forest biomass supply 

logistics, and overall system performance can be improved. Evolution in 

logistics and vehicle technology, as well as IT, DSS and automation systems, 

all require further research and development in roundwood and biomass 

logistics. The emphasis on environmental and social aspects is also increasing.   

 

The literature study showed that terminals have gained a more important role 

in supply chains for forest products, which was also mentioned during the 

interviews with the entrepreneurs and the logistics manager. Consequently, 

terminals comprise a topic of further interest, particularly in combination with 

a change of transport mode.       

 

It was shown in Paper II that shortcomings in information systems in the 

forest fuel supply chain still limit efficiency, indicating that the forest fuel 

sector still has a long way to go concerning the use of digital systems, even 

though the literature showed a strong potential for using SCM-IT-systems in 

the sector (Sikanen, Asikainen, and Lehikoinen 2005; Windisch et al. 2010). 

The review also showed that the potential and the gap shown explains the 

research focus on forest fuel supply chains.    

 

Case studies relation to SCM theory 

According to Mentzer (2001), a supply chain orientation is necessary for 

companies aspiring to implement a supply chain management strategy. Even 

so, papers assessing the implementation of SCM techniques or SCM-IT 

systems rarely consider the philosophical views of the studied companies 

(Windisch, Roser, et al. 2013; Windisch et al. 2010; Sikanen, Asikainen, and 

Lehikoinen 2005). In the interview material of Paper II, quotes can be found 

that both support and contradict such an orientation between actors 
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(regarding the attitudes towards cooperation and customer focus in 

particular), but there is not much indication that a supply chain management 

strategy is currently desired by the interviewees. A potential reason 

explaining why close and long-term relationships may be hard to form is that 

entrepreneurs often work for several competing forest companies and are 

involved in several supply chains. This is necessitated by periods of low 

demand, and ensures a reasonable amount of work within a region. A 

representative for the forest company mentioned the difficulty of having to 

share entrepreneurs with competing companies. During periods when the 

market is strong, it is often preferable to work more closely with a few 

entrepreneurs. Capacity is easier to predict and direct during periods of high 

demand if chipping and transportation resources are dedicated to serve only 

one company, but overall efficiency may be lower if machines have to be 

moved longer distances between sites. To get the full perspective on the level 

of SCM philosophy in forest fuel operations, the customer, i.e. the heating 

plant or CHP plant, must also be involved, and give their view on their supply 

strategy. According to a survey by Olsen et al. (2016) larger energy companies 

usually contract at least two suppliers per main assortment to reduce the risk 

of disturbances, but the number of suppliers can also be much higher.                  

 

In the forestry sector, cooperation in transport planning between competing 

actors is frequently studied, and has shown high cost-saving potential. Rauch 

et al. (2010) showed theoretical saving potentials of 23% in costs and 26% in 

distance when investigating a cooperative procurement strategy between 28 

Austrian CHP plants. In a Swedish case study, Jönsson et al. (2014) showed 

that the efficiency of wood chip shipments could be improved by 12-15 

percent if hauliers exchanged biofuel volumes with each other (only trades 

that reduced distance for both parties were included). D´Amours & Rönnqvist 

(2013) and Guajardo et al (2018) also demonstrated the potential for 

collaborative transportation planning. The widespread geography of forest 

resources is a natural driver for such cooperation.    

 

The simulation study in Paper III showed there are reasons to assume that 

including more of the supply chain would be relevant in order to further 

increase the cost- and energy-efficiency of the supply. The effects of loading 

time of the vessel were not a focus for the simulation study, even though field 

visits were made to ensure the data quality. The loading operation normally 

takes place within a certain time window, according to the ship’s schedule. If 

delayed beyond this time, demurrage can be imposed on the transport buyer. 
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The business models do not usually encourage loading times to be shortened 

beyond the scheduled time, but Johnsson & Styhre (2015) showed that if time 

in port could be reduced by an average of 1-4 hours on a ship route, reduced 

speed at sea could lower fuel consumption substantially. Consequently, from 

a supply chain perspective, the efficiency of the loading operation has 

potential to influence both costs and environmental impact, which deserves 

to be addressed in strategic planning.  

 

Perspectives on terminal usage 

The case study in Paper III quantified the costs for using a terminal in a supply 

chain for forest fuel, as in a few earlier case studies (Fernandez-Lacruz, 

Eriksson, and Bergström 2020; Väätäinen et al. 2017; Virkkunen, Raitila, and 

Korpinen 2016).  The costs for terminal handling shown in Paper III  (EUR 0.93 

per MWh for terminal volumes) were relatively low compared with findings 

in previous studies. This can be explained by the type of terminal used and 

by considering the possible shortcut that could be expected in the material 

handling flow in the port. It should be noted that advantages of added 

flexibility and security from terminal storage usually are also achieved when 

sourcing part of the volume via a terminal. 

 

In decision making regarding logistical solutions such as terminal usage, costs 

must be put in relation to gains in all parts of the supply chain, including gains 

that are difficult to quantify. Few attempts have been made to quantify the 

complete gains of using terminals within forestry supply chains, likely due to 

the high complexity it would require. However, a Canadian case study 

showed that incorporating a terminal into the supply chain of a biorefinery 

led to a greater likelihood of delivering biomass at a lower cost and of higher 

quality. Observed cost reductions were 11-31%, while the reduction in 

moisture content was 4-11%. The gain in quality is explained by the option of 

terminal storage inside a depot (Gautam, LeBel, and Carle 2017) and the cost 

savings also originate from reduced costs for winter road maintenance when 

volumes are stored at a terminal. The study concluded that the benefits of a 

terminal are sensitive to operational costs. Swedish studies examining the 

change in material properties during storage also showed that covering piles 

with a semi-permeable fabric provides opportunities to store wood chips at 

lower cost (Anerud et al. 2018; Anerud et al. 2021).        

 

Examples of gains  from terminal usage (qualitatively described) can be found 

in all three papers of this thesis. In the practical case of Paper III, factors such 
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as flexibility and availability of storage space in port can be important to 

consider, since shipping of forest fuel is occasional and a minor segment for 

the port, so access to storage space can be limited under periods of high 

utilisation. The influence on flexibility is strongly case-dependent and 

difficult to quantify. 

 

Another factor to consider is the possibility of managing uncertainty both in 

production and in the shipping date. The timing of a ship departure is 

generally planned in cooperation with a ship broker, who coordinates the 

schedule of the vessel and finds an appropriate slot. The planned date can 

often be shifted, especially in the beginning of the planning period. With 

shifting conditions, it is an advantage to have a storage option with a low cost 

and high flexibility.  

 

The interview study also showed that the possibility of delivering to a 

terminal can be extremely important for chipping entrepreneurs in managing 

unexpected situations. Examples are machine problems and enabling a few 

more weeks of yearly production, which can have long-term effects on 

possibilities to retain competent personnel and also affects yearly machine 

utilisation. Terminals also help entrepreneurs get round limited opening 

hours at the customer, providing an opportunity to produce and deliver an 

extra load after the delivery unit at the industry has closed. Energy facilities 

may be under local restrictions that limit opening hours, even during the 

season of high demand. Such a logistics bottleneck can be eased by volumes 

from terminal storage.  

 

To summarise, the possible gains from terminal usage in a supply chain 

obtained qualitatively in this thesis are: increased flexibility and security of 

supply, better planning opportunities and flexibility for chipping 

entrepreneurs, increased machine utilisation, decreased costs for winter road 

maintenance, and possibly (during right conditions) an opportunity to 

maintain or even increase quality of stored chips. Naturally, terminals are also 

crucial features in transport mode changes.       

 

The use of simulation technique and variation 

The main advantage of using a simulation technique for planning of 

production and logistic flows is the visualisation of risk and margins clearly 

shown from the variable ‘Days before departure’. A deterministic calculation 

would only reveal an average, which in many cases would give a false 
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impression that a shorter production time would be sufficient. If applied on 

the real system, it would cause the vessel to leave without a full load, since 

the full volume would not be produced and delivered to the port in time. Since 

the cost for the maritime transport is mainly independent of loaded volume, 

and about the same size as the aggregated supply cost to the vessel, every 

missing unit of load is a considerable economic loss. A small amount of 

terminal storage is a sensible way to avoid such a risk. Both the simulation 

study (Paper III) and earlier literature showed the importance of including 

variation in models supporting supply chain planning in forestry to produce 

a robust and useful model.  

 

It was far from clear where to set system boundaries and the level of detail in 

different parts of the model when the conceptual model was constructed. The 

WAFFS model covers a larger part of the supply chain than was the focus of 

Paper III (from freshly harvested residues in the forest). However, the 

advantage of also including the first modules in the analysis (referred to as 

the pre-model in Figure 4Error! Reference source not found.) was to gain a 

realistic distribution of moisture content of the material, which has been 

shown to have a considerable influence on logistic costs (Kühmaier et al. 2016; 

Erber, Kanzian, and Stampfer 2016). The problems with finding natural 

system boundaries indicated that a SCM perspective would be relevant for 

the studied supply chain, and likely also important for the sector, although 

the challenges of securing high-quality data would certainly increase for a 

more extended system analysis.      

 

Limitations in the studies 

The sequential procedure including the technical case studies applied in 

Paper II and Paper III brings limitations concerning generalisability of the 

findings due to the specifics of the cases. Results from Paper II indicated that 

supply chain management theory is not well established in the sector (cf. 

Windisch, Roser, et al. 2013).  Much more data must be collected to draw 

general conclusions on this matter, including the view of energy customers. 

The examples from the interview study may seem anecdotical, but the long 

business experience of the interviewees and the fact that they often spoke 

generally of problems they perceived as common within the sector give 

valuable examples of situations that must be considered when developing the 

forest fuel supply chain.     
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The simulation study gave valuable information about the magnitude of 

terminal costs and the cost relationship between harbour fees and extra 

terminal handling. It also illustrated the principles for planning of a shipment. 

However, the simulation concerned only a limited part of the supply chain, 

so an extended analysis quantifying more of the influencing factors in the 

supply chain, and including the sea transport, may give a more complete 

picture.   
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7 Conclusions 

With respect to the first research question, the literature review showed that 

much research has been performed in the areas of efficiency in truck 

transports, the effects of storage, machine systems for forest fuel operation, 

terminal concepts, and multimodal transports. This is correlated to 

development trends that can be seen within these areas since the beginning of 

the century. Optimisation and simulation techniques, along with 

geographical information systems, have been frequently used to study 

smaller and larger parts of forestry supply chains. These techniques are being 

continuously developed and combined. Another conclusion is that 

roundwood and biomass supply chains contain a complex system 

environment with a large number of uncertainties. 

 

To improve cooperation between actors in the supply chain, (Research 

question II) a challenge that can clearly be seen is the development potential 

for communication systems and communication processes. An SCM system 

where information is safely forwarded and accessed by all parties has shown 

great cost-saving potential in earlier research, and the results from the 

interview study included examples of how a small step to improve 

information sharing can increase supply chain efficiency. Other areas 

identified as interesting for development are the need for a continuous 

training process to increase understanding between the functional units and 

clarification of the processes, mainly the contractor’s authority in decision 

making. The supply chain literature especially stresses the customer 

perspective when considering the design of business processes.  

 

Regarding the role of terminals (Research question III), the literature review 

concluded that the impact of climate change on soil bearing capacity and 

roads will increasingly impact harvesting and transports of forest products, 

and result in even greater seasonality and challenges related to storage of both 

roundwood and fuel assortments. The use of terminals will therefore likely 

increase, to ensure reliability in supply to end-use facilities. The role of 

terminals is also related to the working conditions for forest fuel 

entrepreneurs (as shown in Paper II), improving planning and ensuring a 

more even workflow over the year.  

 

In order to use terminals in an economically sustainable way, the operations 

and logistics flows around them must be well organised. The simulation study 
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placed terminal costs in relation to storage costs in a port, and did not show 

profitability for the terminal flows in the case of a small rural port with low 

costs. However, if a more complete supply chain perspective were to be 

applied, complementing the analysis with the unquantified gains of a more 

even workflow, increased flexibility, reduced road maintenance costs, and 

reduced exposure to supply risks, it is likely that it would be economically 

advantageous to send some of the volumes through a terminal.  

 

The study does not give a definite answer to the main research question, 

identifying the necessary preconditions for logistic planning within the forest 

fuel supply chain, but the answers to the sub-questions can be extended into 

two conclusions. Firstly, it is necessary to acknowledge the complexity of the 

supply chain, including variations, in order to provide an accurate foundation 

for decision making. The complexity includes the influence from factors that 

are not easily quantifiable. Secondly, simulation studies are suited to 

supporting the planning of forestry supply chains. This includes the effects of 

terminals, whose impact on forestry supply chains is likely to increase in the 

future.          

7.1 Future work 

The full supply chain is an important perspective, although development 

must also focus on specific parts of the supply chain. Identifying the most 

relevant supply processes for further development work is central, and the 

findings of this thesis indicate that terminal operations are such an area.      

 

Applying a system perspective on forest fuel supply chains, emerging in a 

quantitative simulation study, has been important for keeping perspective 

throughout the analysis. A supply chain perspective would be recommended 

in similar analyses where computerised decision support tools are applied. 

There are also strong incentives for following up on the digital development 

of SCM tools in the sector, since a large potential can be seen in the field.       

   

To further develop the use of terminals, more focus on layout and internal 

logistical processes are needed. This includes the practical use of techniques 

for minimising quality losses during long-term storage. A detailed model of 

terminal handling operations was not within the scope of this study, but has 

been shown to affect both efficiency and costs and is therefore interesting for 

future research (Gronalt and Rauch 2018; Huka and Gronalt 2018; 
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Trzcianowska, LeBel, and Beaudoin 2019; Vachon Robichaud, Beaudoin, and 

Lebel 2014).  

 

Different options for handling seasonal variations and evening out 

production of forest fuel are critical for further investigation. Using terminals 

in the logistic system may be one such an option, and another may be to plan 

production in relation to estimated dry content of the objects and driving 

distance to customer in order to store high-quality objects close to customers 

for peak demand.  

 

This thesis has quantified the costs for an extra terminal handling operation, 

and qualitatively identified a number of gains from utilising a terminal in a 

supply chain perspective. In order to make a well-founded decision on 

whether to use a terminal or not in an individual case, the gains must also be 

quantified. For such an analysis the quality of input data will be essential for 

credibility, including factors such as winter road maintenance cost, 

development in material quality, supply security, and yearly machine costs. 

 

It has been shown, both in this thesis and in earlier research, how crucial it is 

to include variation when analysing logistic systems, especially in the field 

of forestry with many sources of variation. Using a simulation model is a 

convenient way of including uncertainty, and would also be suitable for 

future analysis of terminal logistics.         
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